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ABSTRACT 
 
Novel DNA probes for sensitive DNA detection 
 
James Alistair Richardson 
 
 
The  ability  to  detect  and  interrogate  DNA  sequences  allows  further  understanding  and 
diagnosis  of  genetic  disease.    The  ability  to  perform  such  analysis  of  genetic  material 
requires highly selective and reliable technologies.  Furthermore techniques which can use 
simple and cheap equipment allow the use of such technologies for point of care analysis. 
 
Described  in  this  thesis  are  two  novel  DNA  probe  systems  designed  for  mutation 
discrimination and sequence recognition of PCR products.  A homogenous PCR system 
using  HyBeacons
® which  utilise  FRET  to produce  a  three probe  multiplex  system and 
surface  enhanced  Raman  detection  method.    Both  of  these  systems  allow  multiplex 
detection of PCR products and mutation discrimination by melting temperature analysis.  
The research reported includes investigations into the effects of different modifications to 
improve the performance of HyBeacon
® probes as well as the effect of different dyes in a 
FRET system, including unique changes in the optical properties of such dyes.  Also a 
novel  method  of  performing  melting  temperature  analysis  using  an  electrochemical 
potential is reported. 
 
In addition to the detection methods described this thesis includes initial work into the 
stabilisation of quantum dot nanoparticles for their use in aqueous systems as a potential 
alternative to fluorescent organic molecules.   v
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Chapter 1 
 
1.0 Introduction   2
1.1 Nucleic acid structure 
 
1.1.1  Primary structure 
 
Nucleic acids are biological polymers built up from monomers called nucleotides, which 
are  condensed  together  to  form  phosphodiester  linkages  between  the  monomers.  
Nucleotides consist of three main components, a nitrogen-containing heterocyclic base, a 
pentose sugar and a phosphodiester; heterocyclic bases bound only to a pentose sugar are 
termed nucleosides.  There are five different heterocyclic bases, two purines (adenine and 
guanine) and three pyrimidines (cytosine, thymine and uracil), with adenine, cytosine and 
guanine being common to both DNA and RNA, and thymine and uracil being specific to 
DNA and RNA respectively.  
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Figure 1.1 The five common heterocycles found in nucleic acids. 
 
These heterocyclic bases are connected covalently by the N 9 of purines or the N 1 of 
pyrimidines to the C 1’ position of the pentose sugar which is either a deoxyribose (in 
DNA)  or  a  ribose  (in  RNA),  fixing  the  sugar  ring  into  a  five-membered  furanose 
configuration.  This fixed configuration most commonly results in a β N-glycosylic bond
1, 
where the heterocyclic base adopts an orientation above the furanose ring, on the same side   3
as the base and the 5’-hydroxyl group of the sugar.  Further possibilities exist by rotation 
around this glycosylic bond resulting in two possible extreme configurations, syn or anti. 
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Figure 1.2 syn and anti configurations of dA nucleoside. 
 
These  monomeric  nucleotides  are  condensed  together  in  a  chain-like  fashion  from  the 
phosphodiesters between the 3’ hydroxyl of one ribose and the 5’ hydroxyl of  another 
ribose.  This linkage provides the DNA or RNA chain with a 5’ to 3’ directionality and at 
physiological pH a polyanionic phosphodiester backbone. 
 
 
1.1.2  Secondary structure 
 
The elucidation of the characteristic double helical secondary structure of DNA by James 
Watson and Francis Crick was published in 1953 in the journal Nature
2.  This discovery 
was dependent on work previously reported by Chargaff et al who formulated a rule stating 
that the ratio of purines to pyrimidines is always 1:1
3,4.  This ratio is invariable, regardless 
of the sequence of the nucleotides in the DNA strand. Moreover, the number of moles of 
adenine is equal to that of thymine and likewise for guanine and cytosine.  This meant that 
the bases form  purine-pyrimidine pairs and A only pairs with T, and G with C. 
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Figure 1.3 Watson-Crick base pairing in DNA. 
 
This  information  provided  evidence  that  the  two  strands  of  the  double  helix  are 
complementary in sequence.  Further information on the structure of DNA was provided by 
Maurice Wilkins and Rosalind Franklin who used X-ray crystallography to show that the 
secondary structure of DNA is highly crystalline and helical in structure.  They proposed 
that  the  bases  are  within  the  core  of  the  helix,  exposing  the  negatively  charged 
phosphodiester backbone.  As well as providing information as to the helical structure of 
the DNA, Maurice Wilkins and Rosalind Franklin also discovered that this helical structure 
could be altered by varying the humidity.  This allowed them to characterise both the ‘A-
form’ of the helix in low humidity and the ‘B-form’ under high humidity. 
   5
 
 
Figure 1.4 DNA duplexes of the A, B and Z forms. 
 
From this James Watson and Francis Crick were able to deduce the structure of DNA in 
which two separate antiparallel strands wind in a helical fashion. At the centre of the helix 
structure lie the hydrophobic bases, which are planar and are stacked upon each other with 
the  specific  adenine-thymine  and  guanine-cytosine  base-pairing.    In  this  base-pairing, 
hydrogen bonds link the two strands of the helix together, imparting a right handed coil 
with around 10 base pairs making one complete turn of the helix in the most common B-
form DNA.  This helical structure gives rise to two grooves of unequal size, a minor groove 
and a major groove of 0.6 nm and 1.2 nm respectively.  These grooves contain hydrogen 
bonding sites and can provide a source of interaction for both small molecules such as 
spermine and also large molecules such as proteins, or a third DNA strand. 
   6
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Figure 1.5 Structural dimensions of B-form DNA duplex. 
 
 
1.13  PNA 
 
Peptide nucleic acid or PNA is an artificial mimic of nucleic acids 
5 and is made up of 
monomer subunits comprised of a heterocyclic base identical to that of DNA/RNA and a 
peptide-like backbone in place of the pentose sugar and phosphodiester.  PNA molecules 
are constructed using the same C to N directionality with the C terminus being comparable 
to the 3’ of normal DNA, and N terminus being comparable to the 5’ position.  By using a 
peptide  backbone  the  PNA  molecules  carries  no  formal  negative  charge,  unlike  the 
polyanionic  backbone  of  DNA/RNA  molecules.    This  results  in  an  increase  in  the 
thermodynamic  stability  of  PNA/PNA  and  PNA/DNA  duplexes  when  compared  to 
standard  DNA/DNA  duplexes  as  there  is  no  interstrand  repulsion  from  the  backbones.  
Furthermore, this synthetic backbone provides the PNA with increased in vivo stability as it 
is  difficult  for  enzymes  to  recognise  the  PNA  resulting  in  a  resistance  to  enzymatic 
degradation.    This  increased  stability  both  thermally  and  enzymatically  makes  PNA  a   7
suitable  mimic  for  DNA  probes  as  shorter  probes  can  be  used  in  vivo  with  increased 
lifetimes than DNA probes. 
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Figure 1.6 Comparison of DNA and PNA oligomers. 
 
 
1.2 The Genetic code 
 
The central dogma of biology is that DNA codes for RNA, which codes for proteins, and so 
the individual sequences of amino acids within proteins are initially coded for within the 
sequence of DNA nucleotides which makes up the genome.  Genomic DNA is grouped into 
genes,  and  in  eukaryotic  cells  this  can  further  be  divided  into  non-coding  introns  and 
coding exons which contain tri-nucleotide sequences called codons.  Organisms can have as 
little  as  500  or  as  many  as  50,000  genes
6;  these  genes  are  stored  in  one  or  more 
chromosomes within the organism.  The human genome contains 3 × 10
9 base pairs, only 3-
5% of these coding for the 3 × 10
5 genes contained within the 23 chromosomes
7.  
 
The process of producing proteins starts with transcription, where the information coded 
within the DNA is transcribed into RNA by the enzymatic copying of the DNA with RNA 
polymerase producing a complementary mRNA strand.  This mRNA strand is then decoded 
by the ribosomes which translate the codons into amino acids and so define the primary   8
structure of the peptides produced.  There are a maximum of 64 possible codons, coding for 
20  natural  amino  acids,  this  means  that  many  of  them  code  for  the  same  amino  acid 
(degeneracy). Some codons are used for start, stop and nonsense signals to differentiate 
between regions that code for separate proteins. 
 
 
1.3        DNA labelling 
 
1.3.1  Fluorescent labels 
 
Fluorescent labelling of DNA is used throughout the life sciences and is hugely important 
in  DNA  diagnostics.    It  provides  a  simple  and  safe  method  for  the  detection  and 
identification of labels and also allows further more detailed analysis due to the ability to 
manipulate the signal.  This has led to fluorescent labels being a major contributing factor 
in  the  rapid  development  of  DNA  sequencing  and  genetic  analysis,  by  allowing  more 
advanced high-throughput techniques
8,9. 
 
 
1.3.1.1 Organic fluorophores 
 
There  are  vast  numbers  of  fluorescent  organic  molecules  which  can  be  used  for  DNA 
labelling, many of which are modified to produce dyes of varying optical characteristics.  
These dyes tend to be planar aromatic molecules, the fluorescence properties of which are 
highly sensitive to chemical modifications. 
 
Particularly popular classes of dyes are the fluorescein and rhodamine based dyes, which 
are based on modified carboxyfluorescein and rhodamine (Figure 1.7). 
   9
O O OH
O
OH
O OH
O H2N NH2
O
OH
O OH
A B  
 
Figure 1.7 Structure of 5-carboxyfluorescein (A) and 5-carboxyrhodamine (B). 
 
Carboxyfluorescein has excitation and emission wavelength maxima of 494 nm and 525 nm 
respectively.  Chemical  modification  yields  dyes  such  as  hexachlorofluorescein  and 
similarly rhodamine can be modified to produce dyes such as Texas red. These fluorescein 
and rhodamine analogues have different excitation and emission wavelengths to fluorescein 
and rhodamine. 
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Figure 1.8 Structure of hexachlorofluorescein  (A) and texas red (B). 
 
This means that almost all wavelengths in the visible region can be covered, making the 
fluorescein dyes very useful.  Carboxyfluorescein has become widely used as it has many 
desirable properties including a very high quantum yield (0.96 in 0.1 M NaOH)
10, good 
chemical stability and ease of use when labelling.  It is available modified with a variety of   10
functional  groups  and  can  be  conjugated  to  DNA  bases  for  use  in  solid  phase 
oligonucleotide synthesis.  One of the most useful functionalised forms of this type of dye 
is the active ester, typically N-hydroxysuccinimide
11.  Active esters allow efficient coupling 
of the dye to primary amines which can easily be incorporated into oligonucleotides at 
either terminus and at internal positions, resulting in a chemically stable amide bond.  This 
is a highly flexible method of labelling as it can be performed on the CPG oligonucleotide 
synthesis  resin.    This  allows  the  oligonucleotide  synthesis  resin  to  be  separated  after 
oligonucleotide  assembly  and  then  labelled  with  different  dyes  reducing  the  need  for 
multiple syntheses.  However this technique can only be used to label an oligonucleotide 
with one type of dye in any given synthesis due the lack of selectivity when using multiple 
amines.    Alternatively  modified  bases  can  be  used  which  already  contain  a  dye  label. 
Thymidine modified at the 5 position with  fluorescent dyes attached to an alkyl chain is 
used in the majority of cases as it is simple to synthesise, but adenine, cytosine and guanine 
can also be purchased modified with fluorescent dyes.  These modified monomers utilise 
the standard protecting and activating groups for DNA synthesis, with a dimethoxytrityl 
group at the 5’ and a phosphoramidite at the 3’.  
   11
OH
O
O
OH O
O
OH
HO
HN
N
O
O
H
N
N
H O
O
OH
O
O
OH O
O
O
N
O
O
O
O
O
O O
HN
O O
O
O O
DMTO
Succinyl Lcaa CPG
A
C B
 
 
Figure 1.9 Addition of fluorescein into oligonucleotides; A, Commercially available FAM dT in its 
form in an oligonucleotide; B, Modified CPG resin for 3’ labeling; C, FAM NHS ester for amino 
labelling. 
 
These monomers can be used on DNA synthesisers alongside standard unmodified bases 
during oligonucleotide assembly.  It also allows the oligonucleotide to be labelled with 
multiple dyes as the individual phosphoramidite monomers are incorporated stepwise into 
the oligonucleotide. This further increases the versatility of the labelled oligonucleotides, 
enabling them to be used in various applications.   
 
Due to its relatively low cost and favourable fluorescent properties, fluorescein is widely 
used  in  biophysical  techniques  such  as  real-time  PCR,  and  equipment  is  designed 
specifically for fluorescein (e.g. Roche LightCycler).  This has meant that its use as a label   12
for  DNA  based  analytical  techniques  has  been  thoroughly  investigated  and  optimised.  
However it does have some limitations, including pH sensitivity
12, broad emission spectra 
and susceptibility to photobleaching
13.  The limitations of fluorescein-based dyes have led 
to the synthesis and use of other families of dyes including the cyanine dyes.  Cyanine dyes 
have higher extinction coefficients than fluorescein, and their  fluorescence is relatively pH 
insensitive, although their quantum yields are lower than fluorescein
14. They too can be 
modified to cover a broad range of the visible and near-IR region of the electromagnetic 
spectrum  by  either  varying  the  length  of  the  polymethine  chain  or  modifying  the 
heterocyclic rings in the molecule
15-17.  The cyanine dyes are commercially available both 
as  active  esters  and  phosphoramidite  monomers  suitable  for  5’-,  3’-  or  internal 
oligonucleotide labelling.  This makes them versatile, just like the fluorescein dyes, and 
also useful for labelling during oligonucleotide synthesis.   
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Figure 1.10 Cy3 phosphoramidite for incorporation into an oligonucleotide sequence. 
 
Both of these families of dyes can be used to label DNA covalently (i.e. by chemical bond 
formation).  However  some  dyes  exist  which  can  be  used  to  label  DNA  without  the 
formation of chemical bonds, but through electrostatic and hydrophobic interactions.  These 
“DNA binding dyes” are useful in applications such as low-cost genetic analysis.  Dyes 
such as ethidium bromide and Sybr green are planar polycyclic aromatic dyes which carry a 
formal positive charge.  These dyes can bind in the minor groove or in the hydrophobic 
region between the base pairs forming π−π stacking similar to the base pairs themselves
1.  
Also, as the dyes carry a positive charge, the polyanionic backbones of the DNA duplex   13
contribute to binding and increase the stability of the complex.  Such dyes have enhanced 
fluorescence when bound to double stranded DNA (intercalating dyes and minor-groove 
binders can only bind to double stranded DNA).  This makes them extremely useful for 
fluorescence melting and applications such as real-time PCR when, for cost-related reasons, 
modified primers, labelled dNTPs etc are not suitable. 
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Figure 1.11 Two common DNA binding dyes, ethidium bromide (left) and SYBR green (right). 
 
 
1.3.1.2  Quantum dots 
 
Quantum dots are semi conductor nanocrystals with a diameter in the region of 3-8 nm 
depending on the semi conductor material. These nanocrystals exhibit fluorescence with a 
high  quantum  yield  (0.50)
18,  narrow  emission  spectra  (FWHM  ~30  nm)  and  broad 
excitation spectra.  These optical characteristics occur due to an effect known as quantum 
confinement brought about by the nanoscale size of the quantum dots
19.  When a material is 
excited, it creates an electron hole pair known as an exciton, and the spacing between the 
electron and hole is known as the Bohr radius.  When the material is of a similar size to the 
Bohr radius the electron wavefunction is bound by the confinement in size, resulting in 
well-defined discrete energy levels.  This is similar to the defined number of mechanical 
wave  patterns  on  a  string,  differentiating  the  nanocrystal  from  the  bulk  material.    In 
quantum  dots,  the  confinement  is  in  3  dimensions;  confinement  in  either  one  or  two 
dimensions gives quantum wells and quantum wires respectfully.  Confinement in all 3   14
dimensions results in discrete energy levels predicted by the particle in a box theory.  This 
size related quantum effect results in the tuneability of the optical properties of the quantum 
dot.  By reducing the size of the nanocrystal the confinement is increased and so the energy 
gap between the energy levels increases resulting in a blue shift in emission.  This size 
tuneability can also be explained by Heisenberg’s uncertainty principle, as with greater 
localisation  of  the  wavefunction  there  is  an  increased  uncertainty  in  momentum  which 
results in an increase in the energy gap between discrete energy levels. 
 
Quantum  dots  are  spherical  with  faceted  surfaces  due  to the  anisotropic  growth of the 
crystal, usually CdSe in a wurtzite structure.  Quantum dots with a diameter of 4.5 nm will 
contain somewhere in the region of 1800 atoms, which leaves a high fraction of atoms at 
the  crystal  surface.    Many  of  these  atoms  have  uncoordinated  bonds  which  can  react 
chemically and so they are coordinated with Lewis base organic surfactants such as long 
chain amines and tri-octylphosphine oxide (TOPO). CdSe nanocrystals are prone to photo-
oxidation due to the interaction of the electron-hole pair at the surface with uncoordinated 
selenium atoms.  This reduces the quantum yield of the quantum dot and so the CdSe core 
is often coated with a higher bandgap material, in many cases ZnS, increasing the quantum 
yield  to  0.5-0.6.    This  higher  bandgap  material  confines  the  holes  to  the  core  of  the 
quantum dot due to the energy difference in the bandgaps, reducing the photo-oxidation.  
This  interaction between  the  electron-hole pair  and  the  surface also  gives  rise  to other 
quenching mechanisms with molecules at the surface such as water or oxygen.  This makes 
the quantum dots highly susceptible to quenching and as such the choice of coordinating 
ligand  is  important.    By  using  Lewis  base  organic  surfactants  a  hydrophobic  shell  is 
produced around the quantum dot, preventing contact with water molecules and providing 
solubility in organic solvents.  For use in aqueous systems the surface of the quantum dot 
needs  to  be  modified  to  allow  aqueous  solubility  and/or  protection  from  the  aqueous 
environment.    The  most  common  method  for  such  modification  is  the  use  of  small, 
carboxylic  acid  functionalised  molecules  such  as  mercaptoacetic  acid
20-22  or 
mercaptopropionic
23-25 acid, with MPA coated Quantum dots having greater stability
26.  By 
performing ligand exchange with the TOPO or hexadecylamine (HDA), a shell of zinc-
sulphur  bound  molecules  is  created  providing  an  exterior  acid-functionalised  surface.    15
Similarly dithiothreitol has also been shown to be a suitable small molecule for the coating 
of Quantum dots, providing aqueous solubility and stability
27. These coatings have two 
advantages;  they  allow  the  solubilisation  of  Quantum  dots  in  an  aqueous  environment 
whilst retaining fluorescence; and they also allow further modification of the quantum dots 
by  providing  many  reactive  sites  on  the  exterior  of  the  protective  shell.    These  small 
molecule  based  systems  have  been  shown  to  have  limited  lifetimes,  with  precipitation 
occurring in as little as one to two weeks
20,24, but have be implemented in systems such as 
molecular  beacons,  in  conjunction  with  traditional  organic  dyes  as  fluorescence 
quenchers
22.  
 
As an alternative to small molecule ligands, large linear polymers
28 or branched organic 
dendrons
29 containing hydrophobic inner regions and hydrophilic exteriors can be used to 
build up a hydrophobic shell around the quantum dot with a hydrophilic exterior.  This has 
allowed quantum dots to be used to passively label tumour cells in vivo by taking advantage 
of  the  enhanced  permeability  and  retention  of  tumour  cells  and  the  lack  of  lymphatic 
drainage in tumours. 
 
Similarly  quantum  dots  can  be  encapsulated  within  polymer  microbeads
30  to  provide 
fluorescent quantum dots which are totally shielded from their local environment.  This can 
also increase the potential uses for the quantum dots by encapsulating multiple quantum 
dots within one microbead.  By changing the colour/size and number of specific quantum 
dots within the microbead a barcode type system can be created.  This can provide as many 
as 10,000-40,000 different codes from just 5-6 colours and 6 different intensities. However 
this type of protection does limit the use of the quantum dot, as it is isolated from the local 
environment. 
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1.3.1.3 Lanthanide labels 
 
Lanthanide chelates can be used to label DNA giving long fluorescence lifetimes (up to 2 
ms),  narrow  emission  spectra  and  large  Stokes  shifts
31,32,  with  excitation  wavelengths 
within the UV and emission in the visible spectrum.  This makes them particularly useful 
for FRET and time-resolved experiments and has allowed them to be used for distance 
measurements within DNA duplexes using an organic dye acceptor molecule
31. 
 
Similar to the organic molecule DNA binding dyes, intercalating fluorescent lanthanides 
can be used for DNA labelling.  Lanthanide-based intercalators which bind specifically to 
double stranded DNA have been used to monitor the capturing of DNA by surface bound 
probe strands with quantitative results
33.  This allows both the detection of the target DNA 
as well as determination of the concentration. 
 
 
1.3.2 Raman labels 
 
Raman  labels  are  molecules  which  can  be  used  to  provide  a  unique  signature  when 
analysed by Raman spectroscopy and can be specifically or non-specifically bound to a 
target.  Raman labels have been used to label biological molecules since the early 1970’s 
and have allowed Raman spectroscopy to be used as a tool for monitoring interactions such 
as protein-ligand interactions through the use of molecules such as methyl orange
34.   
 
For a molecule to perform well as a Raman label it requires a highly polarisable extended 
π-electron chain
35.  This means that many commercially available labels designed for use in 
fluorescent assays such as fluorescent dyes and quenchers are highly suitable, as are simple 
molecules  such  as  benzene.    Furthermore  due  to  the  highly  specific  nature  of  Raman 
spectroscopy  and  its  sensitivity  to  the  π-electron  system,  small  changes  can  result  in 
observable changes in the Raman spectrum.  Texas red is a commonly used fluorescent dye 
and is largely available for the labelling of biomolecules as a mixed isomer.  The two   17
isomers (Figure 1.12) have very similar emission spectra and so for fluorescent applications 
there is no significant difference.  However when analysed by Raman spectroscopy the two 
isomers appear different.  
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Figure 1.12 Two regioisomers of Texas Red. 
 
This  high  selectivity  and  precision  means  that  the  Raman  labels  have  a  much  higher 
potential in multiplexing
36,37 than their fluorescent counterparts. 
 
 
1.3.3  Radioactive labels 
 
Radioactive labels were the first labels used to create DNA probes and are still in use today 
for  labelling  of  both  DNA  and  other  biomolecules.  Radio-labelling  of  DNA  can  be 
performed  at  both  the  3’  and  5’  ends  of  the  DNA  and  utilises  radioactive 
deoxyribonucleoside triphosphates which are enzymatically incorporated into the DNA by 
techniques such as PCR
38,39.  By labelling DNA with a radioactive marker Edwin Southern 
was able to demonstrate the use of a radio-labelled DNA probe through the development of 
Southern blotting
40.  This technique uses restriction enzymes to cut large nucleic acids into 
fragments which are then separated by gel electrophoresis and then fixed onto a membrane.  
The radio-labelled probe can then be introduced to the membrane and the radioactive signal 
can be observed to show the presence or lack of a specific DNA sequence. 
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Radiolabelling has a high level of sensitivity, with 
125I having a lower detection limit of 
around 10 amol.  However there are numerous disadvantages of using radio labels.  Due to 
the radioactive nature of the labels they are hazardous to work with, this also makes them 
more difficult to dispose of.  This can be reduced by using labels with a shorter half-life 
such as 
32P which has a half-life of around 14 days, however this in itself produces its own 
problems.  By having a short half-life the probes will not last long, as the signal rapidly 
reduces, also this makes the reagents expensive to buy and very limited in shelf life.  This 
makes radio-labelled DNA probes not suited to commercial or high throughput analysis 
where reusability and reproducibility are important. 
 
 
1.3.4  Mass tags 
 
Molecular weight specific markers known as mass tags can be used to label DNA and allow 
detection of cleaved tags by mass spectrometry.  This can be used to detect the presence of 
SNPs  within  a  sequence  of  interest  through  using  single base  extension  methods
41.  A 
primer labelled with a 5’ photocleavable mass tag is used which locates next to the SNP 
location.    A  single  base  extension  is  then  performed  using  a  mixture  of  the  four 
dideoxynucleotides,  one  of  which  has  a  biotin  modification.    This  results  in  the  SBE 
product containing a 3’ biotin modification if the desired variant is present.  This product 
can  then be  captured  using  streptavidin-coated  beads  and  the  mass  tag is  then  cleaved 
allowing it to be detected by mass spectrometry.  The presence of a positive signal in the 
mass spectra confirms the identity of the nucleotide at the SBE site as the biotinylated 
dideoxynucleotide, so confirming the presence or absence of a SNP at that site. 
 
 
 
 
   19
1.4 Principles of fluorescence 
 
Fluorescence is the relaxation back to the ground state resulting in radiation of a photon of 
a lower energy after absorption of photons by a species resulting in an excited state. It 
differs from phosphorescence electronically by electron spin coupling and physically by 
fluorescence lifetimes.  Naturally occurring fluorophores have been known since as early as 
1845,  when  Sir  John  Frederick  William  Herschel  observed  the blue  emission  from the 
quinine found in tonic water.  Since the early observations of fluorescence it became a 
phenomenon widely used as an analytical tool in the areas of biophysics and biochemistry.  
In the last 20 years this has progressed further and now its use is widespread throughout 
industry  in  applications  such  as  medical  diagnostics.    Even  to  this  date  novel  uses  of 
fluorescence are being developed and techniques are being improved and modified. 
 
 
1.4.1 Mechanism of fluorescence 
 
When light of a particular wavelength is absorbed by a fluorophore it causes an electron to 
be  promoted  into  a  higher  energy  level,  before  undergoing  non-radiative  internal 
conversion followed by emission of a lower energy photon.  This occurs through a series of 
well defined energy levels and can be depicted by a Jablonski diagram (figure 1.13) 
 
 
 
   20
S0
S1
S2
0
1
2
 
 
Figure  1.13  Jablonski  diagram  illustrating  path  of  an  excited  electron  resulting  in  either 
fluorescence or phosphorescence. 
 
The  energy  gap  between  the  S0  (ground  state)  and  S1  (excited  state)  energy  levels  is 
sufficiently high that thermal energy is not enough to promote electrons into the S1 energy 
level and so light is used.  Upon absorption of light hνa the fluorophore is excited into a 
higher energy level of S1 or S2 and then undergoes non-radiative relaxation to the lowest S1 
vibrational energy level.  This process is called internal conversion and occurs on a 10
-12s 
scale, so at a much faster rate than the fluorescence lifetime 10
-8s.  The excited fluorophore 
can then return to the ground state S0 emitting a photon hνb, typically to a higher ground 
state such as S01 which then experiences further internal conversion to reach the lowest 
energy  ground  state.    This  process  differs  to  phosphorescence,  where  an  excited  state 
species can undergo a process called intersystem crossing, by which a forbidden singlet S1 
to  triplet  T1  spin  conversion  occurs  before  the  emission  of  a  photon  hνc.    Due  to  the 
forbidden  nature  of  this  intersystem  crossing  the  emission  rate  is  several  orders  of 
magnitude  slower  resulting  in  long  emission  lifetimes.    Due  to  the  internal  conversion 
process hνa is higher in energy than hνb, the excitation wavelength is of higher frequency 
than the emission wavelength, and the resulting energy difference is lost as thermal energy.  
This process was initially observed in 1852 by Sir G. G. Stokes, and so carries the name 
Stokes shift.  The Stokes shift for different fluorophores can be as little as 20 nm to as 
much as 200 nm and can be influenced by factors such as solvent, excited state reactions, 
formation of excimers and energy transfer.  The efficiency of the process as a whole can be 
measured by the number of photons emitted relative to the number of fluorescence photons 
Intersystem crossing 
hνa  hνb 
hνc 
T1   21
absorbed,  this  is  known  as  the  fluorescence  quantum  yield.    The  quantum  yield  is 
essentially a balance between the rate of emission and the rate of non-radiative decay.  The 
quantum yield of a fluorophore can be calculated by comparing it with a known standard 
(Table 1.1) and using the following formula.  
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Figure 1.14. Formula for calculating quantum yields, Q = quantum yield, QR = quantum yield of 
reference, I = integrated intensity, IR = integrated intensity of reference, OD = optical density of 
sample, ODR = optical density of reference, n = refractive index of sample and nR = refractive index 
of reference. 
 
Fluorophores with a higher quantum yield can appear brighter, however it is not the only 
factor in determining the effectiveness of a fluorophore; the extinction coefficient is also 
very important.  This is a measure of the amount of light that is absorbed by a species as a 
function of concentration. The ideal fluorophore would have a high quantum yield as well 
as a high extinction coefficient, if either of these factors are low then the brightness of a 
fluorophore will not be high. 
 
Compound   Solvent  λex (nm)  T (ºC)  Quantum yield 
Quinine sulphate  0.1 M H2SO4  350  22  0.577 
Fluorescein  0.1 M NaOH  496  22  0.95 
Phenol  Water  275  23  0.14 
 
Table 1.1. Examples of quantum yield standards and the relevant conditions
42. 
 
 
1.4.2 Fluorescence quenching 
 
Fluorescence quenching is a process which can reduce the emission intensity of a sample 
and can occur by different mechanisms, namely collisional, Förster/fluorescence resonance   22
energy transfer and static quenching.  Collisional or Dexter quenching is when an excited 
state species comes into contact with a quencher resulting in the deactivation of the excited 
state species with no radiative decay.  This process requires the two species to come into 
contact whilst the fluorophore is in the excited state and so the longer the fluorescence 
lifetime the more efficient this process.  However despite the electronic interaction between 
the  two  species  neither  species  is  altered.    FRET  quenching  occurs  when  energy  is 
transferred from an excited fluorophore to an acceptor species which then loses the energy 
in a non radiative manner.  The efficiency and mechanism of this process is discussed in 
part 1.4.3.  Both collisional and FRET quenching are dynamic processes as they require the 
fluorophore to be in the excited state.  The third mechanism of quenching, static quenching 
does  not  require  the  fluorophore  to  be  in  the  excited  state.    In  static  quenching  the 
fluorophore complexes with the quencher species whilst in the ground state, resulting in a 
complex with its own unique properties.  Often this can be observed through a change in 
the absorption spectra from the individual fluorophore and quencher to the complex of the 
two.  An example of a commonly used fluorophore is dabcyl (Figure 1.15), which is widely 
used in molecular biology particularly in a fluorophore-quencher pair with fluorescein. 
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Figure 1.15. Structure of dabcyl, one of the most common quenchers in molecular biology. 
 
 
1.4.3 FRET 
 
As well as being a quenching mechanism as discussed in 1.4.2 FRET can be used as a 
method for modifying the observed fluorescence from a sample by shifting the emission   23
wavelength to one of a lower energy.  This process involves the non-radiative transfer of 
energy from an excited state donor fluorophore to a ground state acceptor fluorophore via 
dipole-dipole coupling.  This results in an excited acceptor fluorophore which then relaxes 
back to the ground state yielding emission at the wavelength corresponding to the acceptor 
fluorophore.  The efficiency of this process depends on the spectral characteristics of both 
donor and acceptor as well as the distance between them and the relative orientation of the 
two dipoles.  Typically FRET will occur over distances of around 0.5-10 nm
43 (known as 
Förster distances) making it an ideal technique for measuring distances and interactions 
between  biomolecules
44.    The  efficiency  of  FRET  increases  with  the  overlap  of  the 
wavelength  of  the  donor  emission  and  the  acceptor  absorption.  A  good example of an 
efficient FRET pair is fluorescein and JOE.  Fluorescein has an emission wavelength of 525 
nm and JOE has an absorption wavelength of 525 nm (Figure 1.16).  This means if both the 
fluorescein and JOE are within ~6 nm of each other excitation of the fluorescein at 494 nm 
will result in emission from the JOE at 555 nm (Figure 1.16). 
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Figure 1.16. Spectral overlap and structures of fluorescein (left) and JOE (right).   24
1.4.4 Fluorescence detection 
 
The equipment used for the detection of fluorescence can vary widely depending on use. 
Modern probing technologies are designed so that the simplest equipment possible can be 
used,  however  some  experiments  require  much  more  complexity.    Fluorescence  at  its 
simplest  occurs  when  light  of  wavelength  X  is  used  to  excite  a  sample,  resulting  in 
emission of light of wavelength >X.  For many techniques this is all that is required to 
produce  the  desired  results  and  so  simple  equipment  can  be  used.    For  example  in 
monitoring real-time PCR using a DNA binding dye such as SYBR green, a single fixed 
excitation wavelength is required.  This means that low power, low cost and long lifetime 
light sources such as LEDs can be used.  The emitted light passes through a longpass filter 
to remove any excitation light and then the emission is detected by a CCD detector giving a 
measure  of  fluorescence  intensity.    More  advanced  detection  methods  are  found  in 
machines such as the Roche LightCyclers, which utilise either a single or multiple fixed 
excitation sources, again LEDs, and multiple fixed wavelength emission channels, using 
dichroic  mirrors  and  filters  to  separate  the  emission  light  into  separate  detectable 
wavelengths (Figure 1.17).  These two types of machine use relatively simple and low cost 
components. Their major limitation is that the excitation and emission wavelengths are 
fixed,  so  the  equipment  cannot be  tailored  to  suit  specific  dyes.    In  many  commercial 
applications this is not a problem as there is a vast range of suitable commercially available 
dyes.  Fluorimeters/spectrofluorimeters are more sophisticated and  use a high intensity 
light source which passes through a monochromator, allowing the operator to choose the 
specific wavelength of excitation light to be used.  The monochromatic light then passes 
through  the  sample  causing  excitation.    The  emitted  light  then  passes  through  another 
monochromator (as well as a series of filters and variable slits) before being detected by a 
device such as a CCD detector or photomultiplier tube.  This also allows the user defined 
emission  wavelength  to  be  detected,  or  even  a  scan  to  be  performed  over  a  range  of 
emission wavelengths.  This type of detection is avoided in many commercial applications 
due the increased complexity, size and cost of the equipment, but for some experimentals it 
is essential.   25
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Figure 1.17. Schematic of the LightCycler optics. 
 
As well as the equipment, the contents and orientation of the sample can have an effect on 
the  quality  of  the  fluorescence  detection.  In  the  case  of  many  detection  machines  the 
emission  light  is  collect  at  90º  to  the  excitation  light  for  the  simple  reason  that  the 
excitation light will not then pass directly into the detection components.  This can reduce 
the need for some filters and makes separating the emission from the excitation light much 
easier.  The sample to be analysed must be have a concentration within a certain window, 
too low and the fluorescence may be below the detection limit of the machine and so no 
signal (or a noisy signal) will be observed, too high and the optical density could be high 
enough that not all of the excitation light passes through the sample resulting in lower 
readings than expected.  This is called the inner filter effect and can be observed by seeing 
fluorescence from the surface of a sample but not throughout. It was first observed by 
George Gabriel Stokes in 1852. 
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1.4.5 Fluorescence polarisation 
 
Polarised light can be used alongside fluorescence to provide information about the size, 
structure  and  binding  of  a  species.      Fluorophores  will  absorb  light  with  a  specific 
alignment  and  so  by  exciting  a  sample  of  fluorophores  with  polarised  light  only  the 
fluorophores with this correct alignment will be excited.  During the lifetime of the excited 
state the fluorophore can rotate before emission, resulting in the emission having a random 
alignment,  known  as  fluorescence  anisotropy.    With  fluorophores  such  as  fluorescent 
proteins this can provide information about the size of the protein as larger proteins will 
rotate more slowly than smaller ones.  Similar to this, the binding of a small fluorophore to 
a large species can be monitored, as before binding the fluorophore will be able to rotate 
freely, but when it is bound to the larger species the rotation will be slower.  This has been 
used  as  a  tool  to  monitor  the  interactions  between  DNA-binding  proteins  and  DNA 
duplexes
45. 
 
 
1.4.6 Time resolved fluorimetry 
 
Time resolved fluorescence is the measure of emission intensity as a function of time and 
can be used to provide more detailed information about the fluorophore than the emission 
spectra  alone.    This  has  been  particularly  useful  in  biology.    For  example  a  protein 
containing  two  tryptophan  residues  will  have  identical  emission  spectra  for  the  two 
residues.  However if time resolved fluorimetry is used, the decay rates for the two residues 
can differ depending on the accessibility of non-radiative decay processes.  This allows the 
two  residues  to  be  resolved,  thereby  providing  more  detailed  information  about  the 
locations  of  the  individual  residues 
10.    Time  resolved  measurements  can  also  be  used 
alongside FRET to study the binding of two different FRET-capable species, particularly in 
the area of protein-protein and protein-substrate interactions
46.  To measure time resolved 
fluorescence, very sensitive equipment is required, the excitation source (typically a laser) 
has  to  be  capable  of  providing  pulses  of  excitation  light  with  a  duration  less  than  the   27
fluorescence lifetime of the sample.  This also means that the detection equipment has to be 
equally sensitive and in some cases can even include single photon detectors.  This then 
limits time resolved fluorimetry to specialised research laboratories and so it is not used in 
high-throughput analysis but more for the understanding of fundamental interactions. 
 
 
1.5 Principles of Raman spectroscopy 
 
Raman spectroscopy is the study of the inelastic scattering of light by a species and was 
first observed in 1928 by Sir Chandrasekhara Venkata Raman
47 and separately by Grigory 
Landsberg and Leonid Mandelstam
48, although it was theorised previously by Adolf Gustav 
Smekal in 1923.  Similarly to fluorescence the inelastic scattering can be from electronic 
energy levels described by Raman as ‘feeble fluorescence’ but also from vibrational and 
rotational energy levels.  The use of Raman spectroscopy has not been as widespread as 
fluorescence  throughout  bio-analytical  research,  however  more  advanced  and  sensitive 
forms of Raman spectroscopy such as surface enhanced Raman spectroscopy and the use of 
resonant Raman spectroscopy have led to the development of more bio-analytical based 
techniques. 
 
 
1.5.1 Nature of Raman spectroscopy 
 
In Raman spectroscopy the majority of the excitation light is scattered elastically, known as 
Rayleigh  scattering.    However  a  small  portion  of  the  excitation  light  can  be  scattered 
inelastically, giving radiation of a different wavelength to the excitation light, either Stokes 
or  anti-Stokes.    After  excitation  of  the  species  if  the  relaxation  occurs  to  a  higher 
vibrational  level  in  the  ground  state  the  photon  emitted  has  a  lower  energy  than  the 
excitation light (Stokes).  If the excitation occurs from a higher vibrational energy level in 
the ground state and relaxes to a lower vibrational energy level in the ground state it results   28
in a photon of higher energy than the excitation light (anti-Stokes).  This process can be 
demonstrated using an energy level diagram (Figure 1.18). 
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Figure 1.18. Energy level diagram of light scattering. 
 
Due to the different vibrational energy levels of a molecule there can be multiple Stokes 
and anti-Stokes lines. This gives the molecule a unique fingerprint and is one of the main 
advantages of Raman spectroscopy.  It allows the molecule to be identified amongst other 
signals as the resulting spectra are very specific, unlike fluorescence spectra which have 
much more limited information content.  Furthermore Raman spectroscopy can take place 
using  any  excitation  light  unlike  the  specific  excitation  wavelength  required  for 
fluorescence.  However due to the low proportion of inelastically scattered photons Raman 
is a weak technique and has a much lower sensitivity when compared to fluorescence. 
 
 
1.5.2 Surface enhanced Raman spectroscopy 
 
Surface  enhanced  Raman  spectroscopy  uses  metallic  surfaces  to  increase  the  observed 
Raman signal from a molecule and is a fairly recent technique being first observed in 1974 
by Fleischman et al who observed an unusually large Raman signal for pyridine adsorbed 
onto a rough silver surface
49.  The enhanced signal can be as much as 10
14-10
15 times 
stronger  than  the  bulk  signal  giving  SERS  the  sensitivity  required  for  single  molecule 
studies
50, although in the majority of SERS an enhancement of 10
6 is observed.  This huge 
hν  E=hν  E<hν  hν  hν  E>hν   29
increase  in  sensitivity  can  be  attributed  to  the  excitation  of  surface  plasmons
51.    The 
discovery of the predictable source of the Raman enhancement led to the development of 
SERS substrates which would produce this phenomenon, such as rough silver and alkali 
metals, gold and colloidal nanoparticles
52.  The limiting factor with the majority of these 
surfaces is the irreproducibility of the enhancement due to their rough nature.  This means 
that the surfaces are not suited to commercial applications as some areas of the surface will 
have a greater enhancement than others.  However due to the highly distance dependent 
nature  of  the  enhancement,  the  signal  from  the bulk  solution is  negligible,  making the 
technique useful in specialised applications.  
 
 
1.5.3 Resonant Raman spectroscopy 
 
Resonant  Raman  spectroscopy  uses  an  excitation  wavelength  which  is  near  to  the 
absorption maximum of the molecule of interest.  This means that instead of the molecule 
being excited to a virtual state as with normal Raman spectroscopy it is excited to a higher 
electronic state.  The vibrational modes which are associated with that electronic transition 
then result in a much greater Raman scattering and so an increase in signal of more than 
four orders of magnitude
53.  This further enhancement combined with SERS increases the 
sensitivity  of  Raman  based  techniques.    Sensitivity  comparable  to  fluorescence  can  be 
achieved
54 and due to the molecule-specific nature of Raman spectra, labels with similar 
absorption maxima are likely to have unique spectra (unlike fluorescence). 
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1.6 Fluorescence applications in molecular biology 
 
Fluorescence has been widely used as a tool in molecular biology, allowing the study of 
interactions between biomolecules as well as monitoring rates of reaction.  Applications 
include  the  development  of  real-time  PCR  monitored  by  fluorescence
55,  measuring 
interaction between proteins
44 and most recently the study of single molecules
56. 
 
 
1.6.1 PCR 
 
The polymerase chain reaction is a process which is used to exponentially amplify a target 
region of DNA, producing many millions of copies from as little as a few starting DNA 
molecules of lengths of up to 40 Kb
57.  PCR has now become commonplace in the analysis 
of genetic material for genetic diseases
58,59, genome sequencing
9 and forensic analysis
60.  
PCR uses a DNA polymerase enzyme to build the copied strands from the template during 
a series of thermocycling stages.  Specialised “hot-start” DNA polymerases can be used 
which require an initial step of heating which activates the inactive enzyme.  This helps to 
alleviate some of the problems of PCR which arise from the formation of primer dimers 
and non-specific binding of the primers to other regions of the template.  Such enzymes 
need to be thermally stable to withstand the repetitive cycling of high temperatures, an 
example  of  this  is  Taq-polymerase  which  was  originally  isolated  from  the  bacterium 
thermos aquaticus
61.  The primer pairs used in PCR are short oligonucleotide sequences in 
the region of 17-30 bases with a similar G C content to ensure similar melting temperatures.  
The sequence of each primer is complementary to loci on either side of the region to be 
amplified.  The design of these primers is important as they must have minimal secondary 
structure and not be capable of forming primer dimers or binding to other areas within the 
region  of  interest.    As  well  as  the  primers  and  enzyme  the  reaction  requires 
deoxyribonucleoside triphosphates which are the building blocks used by the enzyme to 
produce the copies of DNA.  The reaction takes place using a buffer to control the pH and 
Mg
2+ which is essential for the enzyme to work.  The first step in the PCR reaction is   31
heating the sample to 95ºC to denature the template DNA and to activate the enzyme if 
required.    This  is  then  followed  by  cooling  the  reaction  mixture  to  a  predetermined 
annealing temperature which allows the primers to anneal to the template, this is in the 
region of 55 ºC.  The mixture is then heated to 70 ºC which allows extension from the 3’ 
end of the PCR primer resulting in synthesis of the product strand.  The whole process can 
be repeated many times, cycling between the three temperatures resulting in an exponential 
growth of the product as the amplicons from one cycle act as templates for the next. 
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Figure 1.19. Thermal cycles used in PCR.   32
 
During the first few cycles the products are not entirely the same due to the action of the 
DNA polymerase which will keep extending the product until the end of the template or 
until the enzyme falls off the template, or until the next thermal cycle begins.  This means 
that  some  of  the  initial  PCR products  have  longer  ends,  however  as  the  PCR  reaction 
progresses PCR products are produced exponentially which terminate at the primer 5’ ends 
(Figure 1.20). 
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Figure 1.20. PCR products from the first few cycles. 
 
To detect the presence of the PCR products traditionally a portion of the PCR mixture is 
analysed by agarose gel electrophoresis alongside a DNA stepladder usually containing 
multiple DNA sequences differing in length by 25 or 50 base pairs, thus allowing the length 
of the PCR product to be determined.  A negative control which contains all the PCR 
reagents and DNA polymerase but no template must also be used to determine whether the 
PCR preparation was sterile and that the PCR products are not amplicons of a contaminant 
sequence.  Alternatively the PCR reaction can be quantified in real-time as the reaction 
progresses  (real-time  PCR;RT-PCR)  RT-PCR  uses  a  fluorescent  signal  to  provide 
information about the quantity of PCR product present.  The simplest method of achieving 
this is by the addition of a DNA binding dye to the PCR reaction mixture which selectively 
binds  to  double  stranded  DNA  resulting  in  an  increase  in  fluorescence  intensity.    One   33
example of such a dye is SYBR green
62 which has similar optical properties to fluorescein.  
Other methods of introducing the fluorescent signal are the use of fluorescent probes which 
are discussed in section 1.7.  
 
As  well  as  the  standard  and  RT-PCR  methods  described  above,  there  are  other  PCR 
methodologies for different applications.  One example of this is asymmetric PCR which 
produces much more of one amplicon strand than the other.  This is achieved by having a 
large excess of one primer, this results in the limited primer being used up and subsequent 
cycles resulting in the production of one product strand.  However this process loses the 
exponential nature of PCR. Once the lesser primer is used up further product is produced at 
a linear rate and so more cycles are required
63.  This technique is particularly useful when 
using  DNA  probes  for  the  interrogation  of  the  PCR  product,  because  with  standard 
symmetric PCR the double stranded products are very stable,  making the annealing of a 
short  DNA  probe  unfavourable.  Consequently  probe-target  binding  is  a  relatively  rare 
event.  By producing one strand in excess there is much less competition between the PCR 
products  and  the  probe,  resulting  in  more  probe-target  duplexes  being  formed  and 
consequently more successful probing.   
 
PCR  can  also  be  used  for  genotyping  by  the  use  of  allele-specific  or  amplification 
refractory mutation system (ARMS) PCR.  ARMS PCR uses primers which have a 3’ end 
complementary to the mismatch (single point mutation or SNP) and so the PCR reaction is 
only successful if the mismatch is present
64-66.  This allows simple probe-free low cost 
analysis. 
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1.6.2 FISH 
 
Fluorescence in situ hybridisation (FISH) involves the use of sequence-specific fluorescent 
probes  tolabel  regions  of  DNA  to  identify  specific  localised  sequences  within  a 
chromosome
67.  This can be used in the detection of diseases such as Down syndrome, 
translocations responsible for cancer as well as the identification of pathogens.  Multiple 
FISH probes can also be used in a multiplex analysis to provide more detailed information 
about a genome such as chromosome deletions
68.  The medical diagnostic capabilities of 
FISH  have  led  to  particular  advances  in  high  throughput  analysis  using  modern  micro 
fabrication techniques to produce lab on a chip analysis.  These high throughput chips have 
reduced  the  cost  of  testing  for  disease by  10-fold  in  some  cases 
69.   Chip-based  FISH 
provides  a  low  cost  and  simple  method  of  genetic  analysis/detection.    Furthermore  by 
miniaturisation of FISH, point of care diagnosis becomes possible and therefore the speed 
of diagnosis is increased.  The label used for FISH can either be a fluorescent organic 
molecule such as the common dyes mentioned in section 1.3.1.1 or quantum dots
30.  Both 
of  these  labelling  methods  result  in  highly  fluorescent  probes  suitable  for  the  high 
throughput systems. 
 
 
1.7 DNA probing strategies 
 
Probing  strategies  are  important  in  DNA  diagnostics  as  they provide  a  means  of early 
detection of genetic diseases or pathogens.  There are many different probe systems for 
DNA  analysis  even  though  DNA  sequencing  is  considered  to  be  the  gold  standard
70.  
Despite recent advances in the cost and speed of genome sequencing
9, probing strategies 
are still cheaper and quicker for the detection of known genetic disease and pathogens.  Due 
to  the  simplicity  of  many  probing  strategies,  point  of  care  analysis  and  detection  of 
pathogens  in  the  field  is  possible,  whereas  genome  sequencing  requires  much  more 
advanced  equipment  and  so  is  purely  a  lab-based  technique.    Currently  homogenous   35
methodologies which take place in a single tube/container are preferred due to their ease of 
use and high resistance against contamination. 
 
 
1.7.1 HyBeacon probes 
 
HyBeacon probes are fluorescently labelled single stranded oligonucleotide probes with no 
significant secondary structure which produce a signal change upon duplex melting (Figure 
1.21). 
 
494 nm
525 nm
494 nm 525 nm
Heat
525 nm
494 nm
 
 
Figure 1.21. Mode of action of a HyBeacon probe displaying fluorescence in the rigid linear double 
stranded form and a quenched single stranded form. 
 
Hybeacons are valuable tools in the detection of genetic variation, identification of genetic 
disease  and  response  to  medication
71.  Such  probes  are  designed  to  provide  melting 
temperature analysis for identifying specific mutations within the sequence of interest such 
as base substitutions, insertions or deletions.  HyBeacons provide a simple, homogenous 
method of analysis which requires no post-amplification manipulation of sample material
72, 
reducing handling time and risk of contamination.  When compared to other homogeneous 
techniques HyBeacons are much simpler due to the use of the DNA bases and fluorophore-
fluorophore interactions to provide quenching, resulting in fewer design constraints and 
inexpensive  oligonucleotide  synthesis
71.  Traditionally  HyBeacon  probes  have  contained 
either  a  single  dye  addition
33,  34,  two  dye  additions
73  or  two  dye  additions  with  a  5’ 
stabilising  moiety
74  using  the  change  in  emission  intensity  between  the  linear  double   36
stranded form and the compact single stranded form (due to hydrophobic interactions) to 
provide  the  melting  temperature  analysis.      HyBeacons  have  been  synthesised  with  6-
carboxyfluorescein  (FAM),  tetrachloro-6-carboxyfluorescein  (TET)  and 
hexachlorofluorescein (HEX) providing probes with emission wavelengths of 525 nm, 536 
nm and 556 nm respectively
33.  However this is limiting in terms of multiplexing due to the 
spectral overlaps of the excitation and emission spectra of each of the dyes, as well as the 
individual excitation wavelengths required for each dye. 
 
 
1.7.2 Molecular beacons 
 
Molecular beacons are single stranded probes with a highly defined secondary structure for 
homogenous analysis of PCR products, particularly in RT-PCR
75.  They are designed using 
a stem and loop type structure which allows them to be fluorescent in the presence of a 
complementary target sequence but non-fluorescent when there is no target present, or the 
temperature is above the probe-target melting temperature.  The loop region of the probe 
contains a sequence complementary to the sequence of interest in the target, this is typically 
15-35 nucleotides long
76.  Either side of this are shorter 5-8 nucleotide complementary 
regions,  which  in  the  lack  of  a  target  sequence  hybridise,  forming  the  stem-loop 
conformation of the probe.  Both ends of the probes are labelled, one with a fluorophore 
and  one  with  a  quencher.  When  in  close  proximity  in  the  stem-loop  configuration  the 
fluorophore is quenched and there is little or no observable fluorescence.  However when 
the probe is hybridised  to a target sequence, the fluorophore and quencher  are at their 
maximum possible distance apart resulting in a fluorescent signal (Figure 1.22).   
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Figure 1.22. Mechanism of molecular beacon melting analysis. 
 
 
As well as sequence recognition molecular beacons can be used for the detection of SNPs 
in both heterozygote and homozygote samples.  By using molecular beacons with different 
fluorophores  which  have  loop  sequences  complementary  to  either  wild  type  or  mutant 
samples, multiple SNPs can be detected
77.  Due to the instability of the probe-target duplex 
containing an SNP the relevant molecular beacon containing the complementary sequence 
to the SNP will bind preferentially.  This means that by monitoring the different colours of 
the  fluorescent  signal  and  their  relative  intensities,  allele  discrimination  can  be 
performed
78,79.  These probes can be contained within a single PCR reaction tube, allowing 
direct homogenous analysis of PCR products
80.  Molecular beacons can utilise a variety of 
fluorophore-quencher  combinations,  including  traditional  organic  fluorophores  such  as 
fluorescein,  coumarin,  Texas  red
37,  38,  42,    quantum  dot  fluorophores
81  and  even  gold 
nanoparticles as quenchers
82.  Molecular beacons have been modified further by the use of 
PNA based probes to produce highly stable shorter probes
83.  The PNA based molecular 
beacons exhibit very high selectivity for the complementary sequence and have a relatively 
low dependence on salt concentration. 
 
 
1.7.3 Scorpion primers 
 
Scorpion primers are self probing primers which have the ability to interrogate the PCR 
extension of itself (self-probing amplicons).  The probing mechanism is similar to that of 
molecular beacons and uses a stem-loop system as described above, or a duplex probe   38
(Figure 1.23).  In either case the probe is bound by one end to the 5’ terminus of a PCR 
primer, and the probing region is complementary to the extension product of the primer in 
close proximity to the 3’ terminus.  Once the primer has been extended during PCR the 
probing  region  of  the  primer  can  then  hybridise  to  this  extension  allowing  sequence 
detection.  With stem-loop scorpion primers, designing the stem region of the probe to be 
more stable than the extension product containing a mismatch it is possible to distinguish 
between different alleles
58.  In a homozygote wild type sample all of the PCR extension 
products result in a fluorescence probe and so a high level of fluorescence is observed.  If a 
heterozygote sample containing a mutation is present only half the extended primers result 
in a fluorescent self probed product and so the total fluorescence is much lower.  Similarly 
if the sample is a homozygote mutant then none of the PCR extension products are self 
probing and so there will be no observable fluorescence.   
 
Duplex scorpion primers replace the stem-loop structure with a short duplex probe where 
the strand attached to the primer contains a fluorophore and the strand bound by Watson-
Crick base pairing contains a quencher.  Upon PCR extension the duplex region of the 
probe  can  be  melted  allowing  the  fluorophore  labelled  probe  to  bind  to  the  extension 
product as with the stem-loop based scorpion probes allowing sequence detection and allele 
discrimination.  The main advantage of duplex scorpion primers over stem-loop scorpion 
primers is that once the probing region is bound to the target the quencher is in solution and 
so distant from the fluorophore.  This reduces the residual quenching present in both stem-
loop scorpion primers and molecular beacons and so allows a higher fluorescent signal
84.   
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Figure 1.23. Mode of action of stem-loop (A) and duplex (B) scorpion primers. 
 
The major advantage of self probing primers over a bimolecular approach is that it allows 
the  probing  to  be  intramolecular.    Thus  the  probing  is  concentration-independent  and 
therefore produces a more reliable and stable fluorescent signal and more accurate data than 
molecular beacons in RT-PCR
85. 
 
 
1.7.4 Taqman probes 
 
Taqman probes are single stranded probes which are used in quantitative RT-PCR.  Like 
HyBeacons  and  scorpions  they  utilise  DNA  equence  recognition  and  monitoring 
offluorescence  intensity,  but  their  mode  of  action  is  quite  distinct.  The  Taqman  probe 
consists of a single stranded oligonucleotide of around 20-30 bases in length containing a 
fluorophore and a quencher.  In the single stranded form the probe is quenched due to the 
flexibility of the probe allowing the fluorophore and quencher to come into close contact 
during  the  fluorescence  lifetime  of  the  fluorophore
59.    During  PCR  the  Taqman  probe 
hybridises to the complementary region of the PCR product retaining a close proximity of 
5’ 
5’   40
the fluorophore and quencher and so there is little observable fluorescence.  During the 
extension step in the PCR reaction the Taq polymerase cleaves the probe due to its 5’-3’ 
nucleolytic  activity,  producing  mono  and  oligonucleotides
40,  separating  the  fluorophore 
from the quencher and hence giving rise to an increase in the observed fluorescence.  By 
monitoring the increase in the fluorescent signal the PCR reaction can be followed in real-
time providing confirmation of sequence recognition/detection as well as quantification of 
the PCR product.   
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Figure 1.24. Mechanism of Taqman in quantitative RT-PCR. 
 
The  simplicity  and  homogenous  nature  of  Taqman  probes  make  them  ideal  for  high 
throughput analysis. Miniaturised hand-held machines allow the use of Taqman probes for 
the detection of biological weapons in the field
86. 
 
 
1.7.5 SERS 
 
SERS  has previously been  demonstrated  as  a  tool  in  DNA  analysis  using  rough silver 
surfaces  to  detect  target  DNA  sequences  using  a  Raman  labelled  probe
87-89.    By 
immobilising DNA fragments to a SERS active substrate sequence-specific Raman labelled   41
probes can be washed over the sample DNA.  If the sequence of interest is present, then the 
probe hybridises to the immobilised DNA bringing the Raman label into close proximity to 
with  substrate  giving  a  large  Raman  signal.    This  has  been  used  to  provide  a  simple 
sequence  recognition  method  but  provides  no  further  information  regarding  SNPs.  
However SERS has been used in genotyping by using a combination of allele specific PCR 
and enhanced Raman by the aggregation of the silver nanoparticles
90.  This method does 
provide a more detailed analysis of sample DNA but the procedure requires significant 
post-amplification  modification  which  requires  increased  handling  time  and  risk  of 
contamination.  Further work includes the development of SERS beacons
91  which apply a 
mode of action similar to molecular beacons (Section 1.7.2).  
 
However SERS does have significant advantages for DNA detection due to its ability to 
distinguish between multiple labelled oligonucleotides in a single sample
92.  Furthermore 
the high sensitivity and substrate distance dependence enable SERS to be potentially useful 
in the area of DNA detection and analysis.   
 
 
1.7.6 Electrochemical melting 
 
DNA is a highly negatively charged polymer and as such is susceptible to manipulation by 
the application of electrical potentials.  The most common example of this is the use of gel 
electrophoresis  where  a  potential  is  applied  across  a  medium  though  which  the  DNA 
passes, causing a separation based upon the size of the DNA molecule as it is attracted 
towards the cathode.  This principle combined with fluorescence detection was applied by 
Sosnowski et al
93 to accelerate DNA hybridisation across a gel permeation layer and to 
discriminate  between  SNPs  by  applying  the  potential,  promoting  denaturation  and 
monitoring  the  change  in  fluorescent  signal.    A  further  example  includes  the  use  of  a 
scanned potential to denature a duplex bound to a silicon surface
94.  This technique uses a 
surface-bound stem-loop structure similar to a molecular beacon with the DNA binding dye 
PicoGreen as the fluorescent reporter.  This technique can be used to discriminate between   42
SNPs  and  is  the  first  literature  reference  to  a  melting  potential  Vm,  akin  to  the  more 
common thermal melting temperature Tm.  When the same approach was applied to linear 
oligonucleotides it was unable to generate significant differences between the SNPs.  The 
precise mechanism of the electrochemical melting described is unknown, It is likely to be a 
combination of electrostatic repulsion, Joule heating and localised pH changes
93. 
 
 
1.8 Aims and objectives 
 
The aims of this PhD were to investigate methods of improving current fluorescence based 
methods for the detection and interrogation of DNA sequences.  Furthermore the evaluation 
of quantum dots as a potential direct replacement of organic fluorophores for use in simple 
genetic  analysis  systems.    A  further  objective  of  this  PhD  was  to  perform  the  initial 
experiments  into  a  SERS-based  detection  method  of  PCR  products  for  both  sequence 
recognition and analysis. 
 
All of these systems were being investigated with the aim of improving genetic analysis 
through  reduced  sample  complexity,  sample  analysis  time  and  increased  multiplex 
detection.   43
 
 
 
 
 
 
Chapter 2 
 
2.0  Quantum dot probes   44
2.1  Low Quantum yield Quantum dot probes 
 
Stability studies and initial modification of quantum dots were performed using quantum 
dots  (CdSe/ZnS  core/shell)  of  various  sizes  from  Nanoco  (Manchester,  UK).  These 
quantum dots behaved normally and were fluorescent under qualitative UV illumination.  
However, when the fluorescence was determined quantitatively, their measured quantum 
yield was less than 0.01, opposed to the expected value of 0.3-0.5.  This negated one of the 
key advantages of using quantum dots, which is the high quantum yield.  The exact cause 
of  the  low  quantum  yield  is  unknown,  although  solvent  interactions,  absorption  and 
emission  spectra  all  remained  as  expected.    The  highly  desirable  optical  properties  of 
quantum dots make them ideal candidates for use in sensitive analytical systems, however, 
key physical and chemical properties need to be controlled.  These include the chemical 
stability,  solubility  and  modification  of  the  quantum  dots  to  allow  use  in  traditional 
analytical methods.  The following section describes the different approaches in controlling 
these unique properties of the quantum dots and their incorporation into DNA probes. 
 
 
2.1.1  Aqueous stabilisation and stability 
 
Quantum dots have a high quantum yield, narrow emission spectra and broad excitation 
spectra making them very good fluorophores. However, due to their size and interaction 
with their surroundings, their physical properties differ hugely from fluorescent molecules.  
The  nanoparticle  structure  and  high  molecular  weight  give  rise  to  high  sensitivity  to 
aggregation and manipulation by centrifugation.  Furthermore, incomplete ligand coverage 
and “dangling bonds” can cause reduction in the luminescence of the quantum dots
95,96.  
Quantum dot stability was measured using solutions of 532 nm quantum dots in toluene, to 
ascertain their optimum working conditions.  Samples of CdSe/ZnS core shell quantum 
dots  coated  with  HDA  ligands  in  a  solution  of  toluene,  were  excited  at  regular  time 
intervals with a 329 nm light source and the emission intensity was recorded.  A plot of 
emission intensity as a function of time shows a decay in the emission intensity, however,   45
the rate changes with time between illuminations.  If the emission intensity is plotted as a 
function of scan number, the decay rates are similar for samples scanned at both 2 and 5 
minute intervals (Figure 2.1).   
 
 
 
Figure 2.1. Emission intensities as a function of scans/time. 
 
This  scan-dependant  decay  indicates  that  the  quantum  dots  are  experiencing 
photobleaching, despite the reported resistance to phenomenon
97.  However, if the sample 
is  allowed  sufficient  time,  the  emission  intensity  is  recovered  and  the  decay  is  not 
irreversible.  Further samples were scanned three times in succession, displaying decay as 
expected and showing complete recovery when stored in the fridge overnight. The process 
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was reproducible and in some cases an increase in emission intensity was observed.  This 
effect  was  prominent  with  samples  prepared  using  toluene,  however  samples  prepared 
using THF showed no recovery of emission even when left overnight (Figure 2.2).  All 
samples were prepared using degassed solvents, under an inert atmosphere, to minimise 
dissolved  molecular  oxygen,  which  is  a  known  quencher  of  quantum  dots
98,99.    These 
emission intensity observations are highly representative of the sensitivity of quantum dots 
to their external environment and the solvent conditions.   
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Figure 2.2. Emission intensity of quantum dot suspensions in toluene and THF with overnight 
storage between data sets. 
 
One major disadvantage of materials in the nanometre scale is the tendency for the material 
to aggregate, in most cases causing precipitation.  With many nanomaterials, aggregation 
has an effect solely on the physical properties of the material, which then behaves as bulk 
material.  However, due to the quantum confinement in quantum dots, aggregation, which 
leads to the nanoparticles behaving as bulk material, results in a loss of the unique optical 
properties of the quantum dots, namely photoluminescence.  Many quantum dot samples 
(>10) prepared in toluene appeared to experience precipitation when stored over a period of 
days.    This  precipitate  appeared  to  retain  the  photoluminescence  of  the  quantum  dots 
indicating there was no degradation occurring.  To increase this effect further, samples of 
quantum  dots  were  evaporated  to  dryness  resulting  in  large  aggregations,  which  when   47
viewed under an optical microscope appeared to be disordered and were of uneven size.  
Due to the retained photoluminescence of the quantum dot aggregates, it can be assumed 
that  the  aggregation  is  not  affecting  the  nanoparticles  at  a  crystalline  level  and  so  the 
quantum  confinement  is  not  altered.    However  if  HDA-coated  quantum  dots  were 
suspended in water, then the suspension was no longer fluorescent and the precipitate did 
not display any of the properties observed with that prepared from toluene.  Furthermore, 
when viewed under an  optical microscope, there were no large aggregations visible, in 
contrast to the toluene samples.  Either aggregation has a direct effect on the CdSe core, 
resulting  in  bulk  behaviour,  or  more  likely,  quenching  of  the  quantum  dots  occurs  by 
trapping of excitons on the surface of the nanocrystal.   
 
This poor solubility and high sensitivity to aqueous environments highlights the importance 
of creating a ligand system, which enables the quantum dots to retain their unique and 
desirable optical properties and still allow incorporation into oligonucleotide-based probes.  
To determine whether the effect of the aqueous environment was reversible, a series of 
extractions were performed using quantum dots suspended in water and one of DCM, THF, 
toluene or  hexane  as  the  organic phase.   None  of  these  extractions  yielded  fluorescent 
organic phases indicating that the quantum dots are permanently altered by the aqueous 
environment.  To confirm this, quantum dots were suspended in mixtures of water and 
THF,  which  gave  an  instantaneous  reduction  in  the  observable  fluorescence  with  no 
observable precipitation over a period of 3-5 minutes.  This suggests that the quantum dots 
are not experiencing a rapid aggregation but quenching from the aqueous environment. 
 
Currently,  ligand  exchange  has  proven  to  be  the  most  common  method  of  providing 
aqueous soluble quantum dots, with the ability to be used in DNA-based probes with small 
molecules such as mercaptoacetic acid and mercaptopropionic acid (as discussed in Section 
1.3.1.2).    These  ligand  exchanges  are  quick  and  often  require  no  chromatographic 
purification.  Frequently the use of precipitation and centrifugation is sufficient to yield the 
aqueous soluble quantum dots.  In addition, the use of acid groups to increase aqueous 
solubility also provides a source of functionalisation of the quantum dot surface.  This 
approach has allowed quantum dots to be used in analytical systems intended for organic   48
fluorophores such as molecular beacons
22, despite the limited lifetime of these conjugates.  
To improve the stability of aqueous quantum dots, a series of peptides were used in ligand-
exchange reactions with HDA-coated quantum dots.  These peptides contained a thiol as 
the  means  for  attachment,  similar  to  the  previously  described  small  molecules  and 
peptides
100-102, resulting in a stable bond between the sulphur and zinc in the ZnS-coated 
quantum  dots.    The  thiol  was  introduced  to  the  peptide  at  the  N-terminus  by  using  a 
terminal cysteine. This was followed by a series of hydrophobic amino acids then a series 
of  hydrophilic  amino  acids,  to  produce  a  peptide  containing  a  binding  moiety  and 
hydrophobic/hydrophilic regions (Figure 2.3).   
 
 
 
Figure 2.3. An example of the peptides used in quantum dot modification (peptide 3, peptides 1, 2, 
4, 5 and 6; see Appendix Figure 9.1). 
 
After ligand exchange of the HDA coating, a new functionalised quantum dot is produced 
with a two layer shell, a hydrophobic inner layer and a hydrophilic outer layer (Figure 2.4).  
By  using  a  similar  approach  to  the  small  molecule  ligand  exchange  methods,  organic 
soluble  quantum  dots  precipitate  once  ligand  exchange  is  complete,  and  the  resulting 
precipitate can be centrifuged and washed to yield the product, removing any unmodified 
quantum dots and peptide.  This technique is desirable due the ease and speed of the ligand 
exchange resulting in aqueous-soluble quantum dots in less than one hour.  The resulting 
quantum dots can be re-suspended in aqueous solutions retaining their optical properties 
except for a 20 nm red-shift in the emission spectrum. 
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Figure  2.4.  Schematic  displaying  hydrophobic/hydrophilic  core/shell  quantum  dot  peptide 
conjugate. 
 
 
2.1.2  Oligonucleotide conjugation 
 
Acid-functionalised  quantum  dots,  produced  by  peptide  ligand  exchange,  were  used  in 
oligonucleotide-labelling experiments to produce quantum dot-oligonucleotide conjugates 
for use in DNA probing systems.  This was performed using labelling techniques, which 
are commonly used for the labelling of oligonucleotides with small organic molecules such 
as dyes and quenchers.  Solid phase and solution-based techniques were applied, both of 
which used activated esters of the acid-functionalised quantum dots and amine-modified 
oligonucleotides. 
 
 
2.1.2.1  Solution phase coupling 
 
After  ligand-exchange,  the  N-hydroxysuccinimide  (NHS)  or  pentafluorophenol  (PFP) 
active esters of the peptide-coated quantum dots were formed using standard conditions   50
(see  experimental),  which  afforded  quick  reaction  times,  only  requiring  purification  by 
small-scale gel filtration (Figure 2.5).  
 
    
 
Figure 2.5. Reaction scheme for formation of active-ester quantum dots. 
 
 
These reactive species could then be coupled using a suitable coupling agent such as 1-
ethyl-3-(3-dimethylaminopropyl)  (EDC)  to  the  amine-modified  oligonucleotide  (Figure 
2.6).  
 
         
Figure 2.6. Reaction scheme for formation of quantum dot oligonucleotide conjugates. 
 
 
 To  introduce  the  amine  functionality  into  the  oligonucleotide,  one  of  three  different 
modifications  can  be  used,  depending  on  the  desired  location  of  the  amine.    For  
3’-modification, an amino C6-modifed CPG resin can be used, internal modifications can 
be  incorporated  anywhere  within  the  sequence  using  an  amino  C6-dT  monomer  and  
5’-modification can be  achieved using  an  amino  C6 phosphoramidite,  all  of  which  are 
commercially  available  monomers  (Figure  2.7).    Addition  of  these  quantum  dot  active 
esters to the amine-modified oligonucleotide in buffer (pH 7-8) in a small volume (<500 
µL) produced the quantum dot oligonucleotide conjugate with reaction times of less than 24 
hours.   
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Figure  2.7.  Monomers  for  amino  modification  of  oligonucleotides;  A,  5’-modification;  B, 
3’-modification; C, internal modification. 
 
Initially, reverse-phase HPLC was used in an attempt to monitor and purify the reaction.  
However, little information could be obtained from the resulting traces which showed only 
a single, extremely noisy peak.  The reaction mixtures were then analysed by large-scale 
gel filtration using the HPLC pumps and detector.  At first, water was used as an eluent in 
order  to  reduce  the  exposure  of  the  quantum  dots  to  salt  concentrations  above  1  mM, 
however, no sign of separation was observed using either Superdex 75 or Superdex 200 
purification resins.  When phosphate buffer (pH 7.2) was used, separation was achieved 
only when using Superdex 75 resin, not Superdex 200 resin.  The reaction mixture traces 
showed  three  peaks,  which  according  to  the  retention  times,  were  deduced  to  be  the 
quantum  dots,  oligonucleotide  and  a  potential  conjugate  of  the  two.    However,  when 
isolated,  the  quantum  dot-conjugate  did  not  display  the  characteristic  quantum  dot 
fluorescence properties, and it is also possible that either the increased salt concentration of 
the eluent or the metallic components of the HPLC pumps had an adverse effect on their 
optical properties. 
 
Reaction  mixtures  were  also  loaded  onto  both  agarose  and  polyacrylamide  gels  and 
analysed by gel electrophoresis, however, this did not yield any clear separation.  After 
migration through the gel medium the gel was imaged using a 254 nm light source, which 
was unable to confirm the presence of any quantum dots by their fluorescence.   
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2.1.2.2  Solid phase coupling 
 
After experiencing difficulties in purification of the peptide-modified quantum dots from 
the quantum dot-oligonucleotide conjugates, coupling was conducted on solid-support, in 
order to reduce the amount of purification required.  Coupling the quantum dots to the 
oligonucleotide whilst the latter is attached to CPG resin, allows any unreacted quantum 
dots to be washed away leaving only the quantum dot-oligonucleotide conjugates and any 
unlabelled oligonucleotides.  As previously mentioned, standard procedures used for small 
organic molecules were used; formation of a quantum dot active ester was followed by 
coupling to the oligonucleotide using a coupling reagent (EDC or HBTU).  Once quantum 
dots  were  coupled  to  the  resin-bound  oligonucleotides,  the  resin  displayed  the  optical 
characteristics  of  the  quantum  dots  and  their  orange  colour  could  clearly  be  seen 
(Figure 2.8).   
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Figure  2.8.  A,  Amino-modified  oligonucleotide  bound  to  CPG  resin (after  standard  automated 
DNA synthesis); B, CPG resin plus peptide activated ester modified-quantum dot solution.; C, 
Oligonucleotide- quantum dot conjugate bound to resin; D, Oligonucleotide-quantum dot conjugate 
cleaved from resin and illuminated at 365 nm.  
 
The  oligonucleotide  could  then  be  cleaved  from  the  resin  using  a  variety  of  standard 
oligonucleotide  deprotection  conditions  resulting  in  a  fluorescent  solution.    Initial 
experiments used a T12 oligonucleotide due to the milder deprotection conditions needed 
for a poly(dT) sequence but mixed sequence 25mer oligonucleotides were also used (for 
sequences see appendix Table 8.1).  The quantum dot labelled CPG resin was divided into 
four different batches, and four deprotection conditions were used; N-methyl morpholine 
(NMM, 10 wt% in water), piperidine (20 wt% in DMF), DIPEA (5 wt% in acetonitrile) and 
methylamine (40 wt% in water).  All produced fluorescent quantum dot oligonucleotide 
conjugates  in  solution,  although  aqueous  methylamine  was  chosen  for  the  remaining 
experiments, as the milder reagent and due to  ease of  removal by  evaporation.  These 
A  B 
C  D   54
labelled oligonucleotides exhibited the optical properties of the quantum dots, with addition 
of extra peaks in the photoluminescence excitation spectra below 260 nm. This is far below 
the normal spectra for 530 nm quantum dots, which have a lower cut off of approximately 
280  nm  (Figure 2.9).    This  extra  excitation  band  was  only  present  with  quantum  dot-
oligonucleotide  conjugates,  and  was  not  present  with  addition  of  unmodified 
oligonucleotides to peptide coated quantum dots.  
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Figure 2.9. PLE (above) and PL (below) spectra of both peptide-coated quantum dots (red) and 
peptide-coated quantum dots conjugated to oligonucleotides. 
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Due  to  the  normal  absorption  and  emission  spectra  of  the  quantum  dot  remaining 
unchanged, the presence of the oligonucleotide  is most likely not directly affecting the 
quantum  dot’s  structure.    This  suggests  energy  transfer  or  the  introduction  of  multiple 
negative  charges  from  the  phosphate  backbone  to  the  surface  of  the  quantum  dot  are 
possible  causes.    It  is  known  that  quantum  dots  are  highly  sensitive  to  their  external 
environment and surface trapping of excitons has an effect on their quantum yield.  By 
introducing negative charges to the surface of the quantum dot it is possible that specific 
energetic pathways, within the quantum dot, could be affected.   
 
To investigate the hybridisation properties of the quantum dot-oligonucleotide conjugates, 
two  complementary  oligonucleotides  (25-mers)  were  synthesised,  one  with  a  5’-amino 
modification and the other with 3’-DABCYL (for sequences see appendix Table 8.2).  The 
5’-amino  modified  oligonucleotide  was  conjugated  to  quantum  dots  with  an  emission 
wavelength of 532 nm.  These two oligonucleotides were then hybridised and analysed by 
fluorescence melting using a Roche LightCycler
®.  This duplex should be quenched whilst 
hybridised, and upon melting an increase in the fluorescence should be observed as the 
DABCYL  moiety  and  quantum  dot  become  distant.    However,  this  did  not  afford  the 
expected results but instead showed a steady decrease in emission intensity as a function of 
temperature.  This was most likely caused by inefficient hybridisation by the quantum dot 
oligonucleotides (due to oligonucleotide-QD interactions), so another oligonucleotide was 
synthesised  with  a  5’-amino  modification  complementary  to  the  first  amino-modified 
oligonucleotide.  This strand was also conjugated to a sample of quantum dots before the 
two  oligonucleotides  were  hybridised  together.    This  would  create  a  dumbbell-type 
structure with two quantum dots separated by a known, fixed distance, which could then be 
characterised by microscopy.  These samples were imaged using atomic force microscopy 
(AFM) both dried or in an aqueous environment. 
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Figure 2.10. AFM images of oligonucleotide quantum dot dumbbell structures, dried (left) and in 
aqueous environment (right). 
 
The dried samples displayed some features possessing the correct shape, however, when 
measured their sizes were too large, at more than double the size of the expected structures.  
The samples imaged in an aqueous environment had a repeating structure in all samples, 
which  appeared  to  look  like  either  two  or  three  quantum  dots  bound  together.    The 
dimensions of these structures did match those of the intended structures and it is possible 
for  more  than  one  oligonucleotide  to  be  bound  to  each  quantum  dot.    However,  these 
images were not clear enough to provide a definitive answer and with smaller structures 
AFM images can be interpreted incorrectly if the structure is not present in high frequency 
(Figure 2.10). 
 
 
2.1.3  Unmodified oligonucleotide-quantum dot conjugates 
 
Whilst the addition of unmodified oligonucleotides did not cause the increase in the PLE 
spectra below 260 nm, another effect was observed at lower energy wavelengths (<500   57
nm).  The addition of free oligonucleotides into the peptide-coated quantum dot samples 
gave  an  extra  emission  peak  at  460  nm  and  another  excitation  band  at  490  nm.    The 
intensity of the additional two peaks exhibits a concentration dependence with no saturation 
of the effect at up to a 40 times excess, and the 530 nm peak remains unaffected (Figure 
2.11).   
 
           
 
Figure 2.11. PL intensities as a function of oligonucleotide concentration and PL spectra (right). 
 
Initial experiments used a mixed-sequence oligonucleotide, as used in previous conjugation 
experiments, which strongly displayed the new PL/PLE peaks.  Changing the composition 
of the oligonucleotide led to differing intensities of the additional peaks.  To determine 
whether  there  was  a  base  dependency,  a  series  of  23-mer  oligonucleotides  were 
synthesised, poly-dA, poly-dT, poly-dC and poly-d(GT).  These were added together with 
dAMP, to peptide-coated quantum dots in a similar manner, and their PL and PLE spectra 
were  recorded  using  excitation  and  emission  wavelengths  of  350  nm  and  530  nm 
respectively.  A clear dependence was shown on the presence of purine bases for the extra 
PLE peak, and poly-dA for the extra PL peak at 450 nm.  No influence was exerted by 
dAMP  on  either  the  PL  or  PLE  spectra  suggesting  that  the  effect  is  caused  by 
oligonucleotides only and therefore potentially an effect of binding.  Similar samples were 
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prepared using a mixed-sequence oligonucleotide at different concentrations.  PL spectra 
were recorded at both 25 ºC and 65 ºC to determine whether there was a weak binding 
between  the  quantum  dot  and  the  oligonucleotide,  however,  no  significant  change  was 
observed (Figure 2.12). 
 
   
 
Figure  2.12.  PL  spectra  of  peptide-coated  quantum  dots  with  increasing  oligonucleotide 
concentration (0, 40, 80 120 µM, indicated by arrow).  
 
The  precise  mechanism  for  the  production  of  these  peaks  is  unknown.  However,  one 
system which could produce such peaks is ground state interactions such as an exciplex.  
Typical characteristics of an exciplex include additional absorption and emission peaks, 
although there are no previous examples of quantum dot-oligonucleotide exciplex systems.  
Alternatively, the additional emission peak at 450 nm may originate from alteration of the 
higher bandgap quantum dot surface material (ZnS).  This could be rationalised as either an 
exciton or hole from the core material tunnelling into the surface material, or a separate 
exciton-hole pair from within the surface material.  Further studies into these effects were 
halted, as the quantum yield of the quantum dots in use was significantly less than normal 
and therefore uncertainties arose about their precise structure. 
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2.2  High quantum yield quantum dot probes 
 
Previous supplies of quantum dots displayed very low quantum yields, hence a different 
supplier was used and the quantum yield of the new quantum dots was measured as 0.45.  
Previously,  all  purchased  quantum  dots  were  supplied  as  a  dry  powder,  which  was 
subsequently re-suspended in a suitable organic solvent.  New sources of quantum dots 
were supplied already suspended in toluene, and no suppliers were found who supplied 
quantum dots in their dry form. 
 
 
2.2.1  Aqueous stabilisation and stability 
 
The procedure for peptide coating, to provide aqueous stable/soluble quantum dots had to 
be modified as quantum dots were now supplied as a suspension in toluene.  Due to the 
lack  of  companies  supplying  quantum  dots  as  powders,  a  procedure  was  used  which 
avoided  evaporating  the  suspension  to  dryness.    Instead,  a  co-evaporation  was  used; 
pyridine was added to the suspension in a 1:1 ratio, and the solvent volume was reduced by 
half.  This process was repeated a number of times to produce a quantum dot suspension in 
a predominantly pyridine environment.  These quantum dots could then be functionalised 
with the peptide coating using the same method as used previously (Section 2.1.1) to yield 
aqueous-soluble quantum dots.  The quantum yield was then measured of these quantum 
dots, the pyridine-based suspension, the toluene suspension, and also a sample of quantum 
dots, which had been evaporated to dryness and re-suspended in pyridine.  A significant 
reduction  in  quantum  yield  (50-70%  reduction,  Figure  2.13)  was  observed  on 
removal/replacement of toluene. 
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Figure 2.13. Emission spectra of quantum dot suspensions. 
 
Drying the quantum dots before re-suspension gave quantum dots with a quantum yield 
30% less than their co-evaporated equivalents.  Interestingly, once the quantum dots had 
been modified with the peptide coating, the quantum yield was 30% higher than when 
suspended in pyridine.  These changes in the quantum yield are further evidence to the 
sensitivity  of  quantum  dots  to  their  exterior  environment,  further  highlighting  that 
modification  procedures  must  avoid  drying  of  the  quantum  dots.    Alternative  peptide-
modification  techniques  using  a  toluene-based  precipitation  were  attempted  in  order  to 
avoid the use of pyridine, and thus retain the higher quantum yield found with quantum 
dot-toluene  suspensions.    A  similar  method  for  addition  of  a  peptide  to  the  toluene 
suspension of quantum dots was used, however no precipitation occurred and the quantum 
dots remained in the toluene suspension. 
 
Peptide-coated quantum dots, synthesised using a co-evaporated pyridine/toluene mix, were 
further  analysed  for  their  stability  under  typical  conditions  used  in  genetic  analysis 
techniques.  Thermal cycling of peptide-coated quantum dots in aqueous buffer displayed a 
temperature-dependant emission with an intensity difference of 40% between 28 ºC and 
85 ºC.  Quantum dots suspended in toluene were also analysed in a similar manner yielding 
the same outcome.  This temperature dependence was reversible over the five cycles tested,   61
therefore further samples were incubated at 65 ºC for 2 hours using all six peptide quantum 
dot conjugates.  This gave reductions in the quantum yield from 10% to 90%, depending on 
the peptide used (Table 2.1 for structures see appendix Fig 8.1).  
 
  QY before incubation  QY after 65 degree incubation 
QDP-1  0.10  0.09 
QDP-2  0.22  0.11 
QDP-3  0.09  0.01 
QDP-4  0.18  0.07 
QDP-5  0.18  0.04 
QDP-6  0.14  0.09 
 
Table  2.1.  Quantum  yield  measurement  of  quantum  dot-peptide  conjugates,  before  and  after 
incubation at 65 ºC in aqueous buffer for two hours. 
 
This  demonstrates  that  the  peptide  coating  is  insufficient  protection  for  aqueous  stable 
quantum dots in applications which require heating. 
 
 
2.3  Conclusions 
 
This thermal instability  and temperature-dependant emission limits the possible uses of 
quantum dot-peptide conjugates in genetic analysis as almost all techniques require the use 
of  heat  for  DNA  amplification  or  interrogation.    Furthermore,  the  high  sensitivity  to 
external  environments  leads  to  changes  in  the  quantum  yield  and  so  quantitative 
measurement becomes difficult.  These factors present a problem, particularly for their use 
as a replacement to organic fluorophores, in systems which require minimal modification.   62
 
 
 
 
 
 
 
Chapter 3 
 
3.0 HyBeacon™ probes 
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3.0  HyBeacon™ probes 
 
This chapter describes the modification of HyBeacon probes, investigating design changes 
and further development to improve multiplex capabilities.  It also includes the analysis of 
Cyanine dyes and their effects/use within nucleic acid based detection systems. 
 
 
3.1  Introduction 
 
Previous HyBeacon probes have been proven in their use for homogenous PCR analysis 
using one or two additions of a single dye
71,73,103.  This approach has allowed mutation 
discrimination by melting temperature analysis within a PCR reaction.  We have developed 
this  system  further  through  the  use  of  FRET,  to  improve  the  multiplex  capabilities  of 
HyBeacon probes.  This system is based around a single excitation wavelength for three 
probes, each probe possessing a different distinguishable emission wavelength. 
 
During this development, the effectiveness of different dyes was analysed and their optical 
properties  when  incorporated  into  oligonucleotides  investigated.    This  work  includes  a 
more detailed analysis of cyanine dyes and their temperature dependent emission. 
 
We have also carried out a study on the FRET efficiency as a function of distance with a 
DNA scaffold using commercially available monomers, and have compared this with a 
suitable model, designed to include the variation in dye orientation due to the linker.  This 
work  has  been  completed  with  the  help  of  Professor  Pavlos  Lagoudakis  and  Junis 
Rindermann  of  the  hybrid  optoelectronics  group  within  the  Department  of  Physics, 
University of Southampton, Southampton, UK. 
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3.2  Single dye HyBeacons 
 
HyBeacons  containing  two  additions  of  a  single  fluorescein  have  been  established  as 
homogenous  PCR  probes,  proving  mutation  discrimination  by  melting  temperature 
analysis.  These probes have used commercially available monomers, such as the FAM-dT 
1, available from Glen Research (Figure 3.1). 
 
   
 
Figure 3.1. Structure of commercially available FAM-dT 1. 
 
A  modified  nucleoside  analogue  was  synthesised,  which  had  previously  demonstrated 
potential  antiviral  properties,
104  and  which  incorporated  a  primary  alcohol  into  the  5-
position of the uracil base, with a three carbon chain (Figure 3.2) 2. 
 
 
 
Figure 3.2. Structure of modified propargyl 2’-deoxyuridine containing a primary alcohol 2. 
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This monomer was incorporated twice into a HyBeacon probe, which also contained a 5’-
trimethoxystilbene (TMSt) group to improve probe stability
74,105,106 (Table 3.1, for target 
sequences see appendix Table 8.3).   
 
Modification  Sequence 
TMSt (2) 
Propargyl dU (X) 
Phosphate (3) 
2CTTTCCXCCACXGTTGC3 
 
Table 3.1. W1282X probe sequence. 
 
This sequence was designed to probe a region of the CFTR gene containing the W1282X 
mutation.  This single base G to A mutation, in exon 20 results in a Trp residue becoming a 
STOP at position 1282.  To protect the primary alcohol during oligonucleotide synthesis, a 
levulinyl protecting group was employed. This protecting group could be cleaved whilst the 
oligonucleotide  was  bound  to  the  CPG  resin  and  the  resulting  alcohol  labeled  using  a 
fluorescein phosphoramidite.  A labelled 2’-deoxyuridine with a phosphodiester linkage 
between the dye and the uracil base was produced (Figure 3.3) 3. 
 
 
   
Figure 3.3. Structure of labelled propargyl-dU 3. 
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Another  HyBeacon  was  synthesised  with  the  same  sequence  using  the  commercially 
available  FAM-dT  as  a  direct  comparision.  These  probes  were  then  analysed  by 
fluorescence  melting  using  a  Roche  LightCycler
®  with  both  the  wild  type  and  mutant 
sequences.  The resulting melting curves showed a much smaller change in emission for the 
propargyl-dU HyBeacon and a smaller change in Tm between wild type and mutant type 
(Figure 3.4). 
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Figure 3.4. Melting curves of HyBeacons containing two fluorescein additions and a 5’-TMS, using 
either propargyl-dU 3 (red) or FAM-dT 1 (blue) modifications, with wild type (solid) and mutant 
(dashed) targets.  
 
The low change in emission for the propargyl-dU 3 modified HyBeacon, is most likely due 
to  the  phosphodiester  linkage  introducing  a  negative  charge  between  the  dye  and  the 
nucleobase.  This negative charge would create a repulsive force between the two dyes and 
between  the  dyes  and  the  oligonucleotide,  preventing  them  from  coming  into  close 
proximity in the single strand state.  This results in reduced quenching from the DNA bases 
as well as a reduction in potential fluorophore-fluorophore quenching (Figure 3.5). 
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Figure  3.5.  HyperChem  7.0  scale  image  of  a  HyBeacon  probe,  labelled  with  two  FAM-dT  1 
monomers (green) with no target, showing the length of the FAM-dT linker which allows the two 
fluoresceins to come into contact. 
 
To overcome the dye-dye repulsion a new monomer synthesised by Dr. Qiang Xiao, which 
contained a primary amine incorporated at the 5-position of the uracil base using a 5-carbon 
linker (Figure 3.6). 
 
 
 
Figure 3.6. Structure of amino pentynyl dU monomer 4. 
 
This monomer was subsequently protected using an Fmoc protecting group for the primary 
amine, and the standard 4,4’-dimethoxytrityl and phosphoramidyl groups for the 5’- and 3’-  68
OH groups respectively. A new HyBeacon probe was then synthesised using this monomer 
in place of propargyl-dU 2 and was post-synthetically labelled with fluorescein NHS ester 
and  analysed  by  fluorescence  melting.    Improvements  were  demonstrated  over  the 
propargyl-dU 3 HyBeacon, but this was not as successful as the FAM-dT HyBeacon.  One 
major difficulty of post-synthetically labelling probes with two fluorophores, is that the 
efficiency of labelling decreases compared to labelling once only.  This limits the use of 
such labelling techniques to single-dye HyBeacons, as low labelling efficiency results in 
increased cost and reduced effectiveness of the probes. 
 
As well as variation of chosen dye, HyBeacon probes can be modified using end-capping 
moieties,  to  provide  improved  probe  stability  and  single  stranded  quenching.    All 
HyBeacon  probes  contain  a  3’-modification,  usually  a  3’-phosphate  or  3’-propanol,  to 
prevent the HyBeacon acting as a PCR primer, which would result in extension of the probe 
and incorrect PCR products.  Additionally, 5’-modification of HyBeacons using a TMSt 
functionality has been shown to improve both the stability and single-strand quenching of 
the probe.
74,105,106  Four different 3’-end capping moieties were synthesised by Dr. Nouha 
Ben-Gaied, using modified CPG resins, two anthraquinone and two pyrene (Figure 3.7), in 
order to improve mutation discrimination in HyBeacons.   
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Figure 3.7. Structures of synthesised end-cap monomers for 3’-addition to HyBeacon probes. 
 
A  series  of  HyBeacons  probes  were  synthesised  using  these  end-caps,  both  with  and 
without the commercially available 5’-trimethoxystilbene modification (Table 3.2).  These 
probes were synthesised with two additions of fluorescein using FAM-dT 1 as the reporter 
dye, which allowed them to be compared to a previously synthesised HyBeacon containing 
only  the  two  additions  of  fluorescein  and  a  3’-propanol  terminus  (for  sequences  see 
appendix Table 8.4). 
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HyBeacon  3’ Modification  5’ Modification 
res0072  Anthraquinone  N/A 
res0073  Anthraquinone-NH2  N/A 
res0074  Amido-Pyrene  N/A 
res0075  Threoninyl-Pyrene  N/A 
res0109  Anthraquinone  TMSt 
res0110  Anthraquinone-NH2  TMSt 
res0111  Amido-Pyrene  TMSt 
res0112  Threoninyl-Pyrene  TMSt 
A0677  N/A  N/A 
 
Table 3.2. HyBeacon probes synthesised containing combinations of different 3’- and 5’-end cap 
monomers. 
 
These probes were analysed by fluorescence melting using a Roche LightCycler
® 1.5 with 
both the wild type and the CYP2C9*2 (C to T) mutation from the cytochrome P450 gene, 
in 10 mM phosphate buffer containing 500 mM NaCl.  Melting curve analysis allowed for 
accurate  measurement  of  the  melting  temperature,  and  the  effect  of  different  end  cap 
combinations could be assessed by both the wild type Tm and the ∆Tm between wild type 
and mutant (Table 3.3). 
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  Wild Type 
Tm (° ° ° °C) 
Mutant Type 
Tm (° ° ° °C)  ∆Tm (° ° ° °C) 
res0072  68.9  60.3  8.6 
res0073  68.7  58.0  10.7 
res0074  68.9  60.2  8.7 
res0075  68.9  62.2  6.7 
res0109  71.0  60.6  10.4 
res0110  68.5  60.2  8.3 
res0111  70.8  61.5  9.3 
res0112  71.0  62.9  8.1 
A0677  69.0  61.7  7.3 
 
Table  3.3.  Melting  temperatures  of  HyBeacon  probes  with  different  end  cap  combinations, 
comparing wild type and mutant templates. 
 
The  anthraquinone-capped  HyBeacons  had  the  largest  ∆Tm,  but  the  pyrene-modified 
HyBeacons have a slightly higher overall Tm.  Largely, the melting temperatures were not 
hugely altered from the HyBeacon with no end-capping monomers (A0677), however, with 
the exception of res0075, the ∆Tm values were larger.  The melting temperature analysis 
alone only shows small improvements, however, the shape of the melting curves is also 
important  for  fluorescent  probes.  Probes  giving  sharper  melting  transitions,  with  larger 
changes in emission, are easier to analyse and more suitable for multiplex detection.  To 
quantify the change in emission, the quantum yields of the HyBeacons were measured in 
the  single-stranded  form  and  also  double-stranded  form,  hybridised  with  the  wild  type 
target. These were compared to the HyBeacon with no end-cap (A0677) and a previously 
synthesised  HyBeacon  with only a TMSt cap  (R0106).  The emission spectra for each 
sample were recorded and compared to a known sample of fluorescein in 0.1 M aq. NaOH, 
using low optical densities (<0.01) to eliminate any inner filtering of the excitation beam.  
This allowed the quantum yield for each sample to be calculated, providing quantitative 
analysis of the change in emission between single- and double-stranded states (Figure 3.8). 
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Figure 3.8. Quantum yield measurements of HyBeacons with different combinations of end cap 
monomers, in single- and double-stranded samples. Controls: A0667 and R0106. 
 
The  measured  quantum  yields  demonstrate  that  the  anthraquinone-modified  probes 
(res0072, res0073, res0109, res0110) display significantly reduced quantum yields in both 
the single- and double-stranded samples.  In contrast, the pyrene-modified HyBeacons (res 
0074, res0075, res0111, res0112) retained the high quantum yield of the fluorescein in the 
double-stranded  samples,  but  also  had  large  reductions  in  the  quantum  yield  in  single 
stranded samples.  There also appeared to be minimal difference between samples which 
contained both a 3’-modification and both 3’- and 5’-modifications.  This means that the 
3’-pyrene modification was the best in terms of emission intensity change, with minimal 
modification.  However, as well as the melting temperature analysis and quantum yield 
analysis, the shape of the melting curve is also important, as a sharp melting curve produces 
a sharper peak from the calculated derivative curve (Figure 3.9).  This allows for more 
accurate  Tm  calculations  and  therefore  improved  mutation  discrimination  and  multiplex 
potential.   
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Figure 3.9. Melting curves (left) and subsequent derivatives (right) of HyBeacons labelled with two 
additions  of  fluorescein  and  a  3’  pyrene  (blue),  5’-TMS  (red)  and  no  end  capping  monomers 
(black). 
 
Analysis  of  the  melting  curves  showed  that  the  HyBeacon  without  any  end-capping 
monomers (A0667) has the broadest melting curve and the HyBeacon with the 3’-pyrene 
monomer has the sharpest.  These results demonstrate that a HyBeacon containing a single 
3’-pyrene  has  the  advantages  previously  achieved  using  a  5’-TMS  group,  but  with 
improved changes in emission intensity upon melting, slightly sharper melting curves, and 
the 3’-modification eliminates the need for further 3’-PCR blockers. 
 
 
3.3  FRET-based HyBeacons 
 
To improve the multiplex capabilities of HyBeacons, a new generation of HyBeacon probes 
was developed with three key properties; single excitation wavelength, multiple emission 
wavelengths and simple design.  To achieve this, a FRET-based system was used, designed 
for use with simple detection equipment aimed at high throughput analysis.  Due to the 
high performance and documented use of fluorescein as a HyBeacon, it was chosen as a 
suitable starting point for the FRET system.  Also, due to the high popularity of fluorescein, 
many  existing  technologies  are  optimised  for  its  use,  such  as  the  Roche  LightCycler
®.  
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These have an excitation wavelength ideal for fluorescein and multiple emission channels, 
therefore fluorescein was used as the FRET donor.   
 
A  short  (Table  3.4,  for  target  sequences  see  Appendix  Table  8.3)  oligonucleotide  was 
synthesised using a sequence from the cystic fibrosis transconductance regulatory (CFTR) 
gene, which contains the W1282X SNP.  
 
Modification  Sequence 
Aminopentynyl dU (X) 
FAM dT (F) 
Phosphate (3) 
CTTTCCFCCACXGTTGC3 
 
Table 3.4. W1282X FRET probe sequence 
 
 
This  oligonucleotide  contained  one  addition  of  fluorescein  using  the  commercially 
available FAM-dT 1, one addition of aminopentynyl-dU 4 and a 3’-phosphate for blocking 
of PCR. After synthesis, the CPG resin was divided into two, and the aminopentynyl-dU 
moiety was labelled using standard solid-phase active ester coupling. One half was labelled 
with  Texas  Red  and  the  other  half  labelled  with  JOE  (Figure  3.10),  to  act  as  FRET 
acceptors,  and  the  oligonucleotides  were  deprotected/cleaved  from  solid-support  and 
purified by HPLC. 
 
 
 
Figure 3.10. Structures of Texas Red (left) and JOE (right) NHS esters.   75
 
Both  of  these  oligonucleotides  were  analysed  by  fluorescence  melting  using  a  Roche 
LightCycler
® and standard PCR conditions.  JOE has an absorption maximum at 525 nm 
and  an  emission  maximum  of  555  nm  and  so  is  an  ideal  FRET  acceptor  for  use with 
fluorescein as a FRET donor.  Texas Red has an absorption maximum of 589 nm and so 
has less spectral overlap with the emission of fluorescein, however, it has an emission 
maximum of 615 nm and is therefore distinguishable from the JOE emission and suitable 
for the second LightCycler
® channel.  Using channel 1 (530 nm) for the JOE acceptor 
HyBeacon, and channel 2 (645 nm) for the Texas Red acceptor HyBeacon, the fluorescence 
melting curves gave clear melting transitions (Figure 3.11), which could be used to derive 
the Tm.  The Texas Red acceptor HyBeacon had residual emission in channel 1, as due to 
the lower FRET efficiency between the fluorescein and Texas Red.   
 
 
 
Figure 3.11. Melting curves of FRET HyBeacons with a FAM donor and either JOE acceptor (left) 
or Texas Red acceptor (right). 
 
The single acceptor system did show reasonable emission changes upon melting, however, 
in order to improve quenching in the single-stranded form, a further two oligonucleotides 
were synthesised.  These used the same W1282X probe sequence (appendix Table 8.5) 
containing  a  single  addition  of  fluorescein,  with  two  additions  of  the  acceptor  dye 
(JOE/Texas Red).  These were then analysed in an identical manner to the previous single 
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acceptor HyBeacons, and demonstrated improved quenching in the single-stranded form 
Figure 3.12). 
 
 
Figure  3.12.  Melting  curves  of  one-donor  two-acceptor  HyBeacons  using  the  W1282X  probe 
sequence. 
 
This system worked effectively, however, a two probe system can be implemented without 
the use of FRET, to provide melting temperature analysis, with results not that dissimilar to 
the FRET system.  The same one-donor two-acceptor approach was then applied to a three 
probe system, which used three different acceptor dyes, JOE, Texas Red and Cy5.5.  Cy5.5 
has an emission maximum of 707 nm providing little spectral overlap with JOE or Texas 
Red giving a distinguishable emission signal.  However, due to the absorption maximum of 
646 nm the FRET efficiency using FAM as a donor is low, although this is compensated for 
by  incorporating  two  additions  of  Cy5.5,  thus  increasing  the  signal.    Three  HyBeacon 
probes were synthesised, each designed to target one of three different mutations within the 
CFTR gene, the ∆F508 (triple T deletion), R516G (A to G SNP) and C524X (C to A SNP).  
These mutations were chosen because the ∆F508 mutation accounts for 70% and 90% of 
the  cystic  fibrosis  cases  in  the  U.K.  and  U.S.  respectively,  and  the  R516G/C524X 
mutations having close proximity to the ∆F508 allowing a single template strand to be 
synthesised  (appendix  Table  8.6).    These  sequences  provide  a  good  test  for  mutation 
discrimination,  as  they  cover  unstable  mutations  such  as  the  triple  deletion  as  well  as 
relatively stable G:T and G:A mismatches.   
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These  HyBeacon  probes  were  analysed  individually  using  a  Roche  LightCycler
®  and 
standard PCR conditions.  The melting curves were not as clearly resolved as previous 
FRET HyBeacons and the Tm values appeared to be much lower than expected (Figure 
3.13), perhaps due to increase in un-natural lipophilic modification, in adding three dyes. 
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Figure  3.13.  Melting  curve  of  R516G  probe  labelled  with  a  FAM  donor  and  two  Texas  Red 
acceptor dyes with a Tm of 38 ºC. 
 
These probes were re-synthesised using the same FAM-dT monomer 1 and aminopentynyl-
dU 4 but were not labelled post-synthetically with the two additions of acceptor dye.  The 
probes were then analysed individually in the same manner (using a LightCycler
®) and 
conditions, and the melting temperatures were all above 56 ºC for the wild type samples.  
This confirms that the decrease in stabilisation is due to either the addition of the two 
acceptor dyes, the labelling process, or an inherent instability due to the probe sequence. 
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  Without acceptor dyes  With acceptor dyes 
WT  MT  WT  MT 
F508 probe  61.5  49.6  48.2  32.8 
R516G probe  56.0  50.7  38.4  33.0 
C524X probe  66.9  62.0  53.3  47.1 
 
Table 3.2. Melting temperatures (ºC) of HyBeacon probes before and after post synthetic labelling 
with acceptor dye. WT = Wild Type, MT = Mutant Type. 
 
One  other  possibility  for  the  lower  than  expected  HyBeacon  stability  is  5-endo-dig 
cyclisation of the aminopentynyl-dU monomer to form the furano-pyrimidine derivative 
(Figure 3.14).  This monomer could not form a Watson-Crick base pair with A, and would 
therefore have a destabilising effect, which would be more prominent for double addition.  
This cyclisation was first observed by Cruickshank et al. and has been demonstrated by 
refluxing the alkynyl-dU nucleoside in methanol and triethylamine with a CuI catalyst, to 
provide  the  furano-pyrimidine
107-109.    However,  there  is  a  negligible  chance  of  this 
cyclisation occurring under PCR conditions due to the lack of copper catalyst and there are 
currently no reported examples of this. 
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Figure 3.14. (2,3H)-Furano[2,3-d]pyrimidin-2(7H)-one product of aminopentynyl-dT monomer 
cyclisation. 
 
There were two options for increasing probe stability, increase the length of the probe, or 
add stabilising monomers.  Increasing the length would increase the melting temperature,   79
however,  shorter  probes  are  desired  and  the  increased  length  would  only  mask  the 
stabilisation problems occurred through modification.  In order to overcome the instability 
problem, the probe length was increased by just two bases, and a commercially available 
trimethoxystilbene (TMSt figure 3.15) stabilising moiety was added to the 5’-end of the 
probe (for sequence see appendix Table 8.7). This has previously been demonstrated to 
increase  stability  and  improve  quenching  in  HyBeacon  probes
74,105.    This  endcap 
modification should overcome the destabilising effects of dye modification as well as aid in 
the  single-stranded  quenching,  giving  improved  quenching  over  the  previous  single-
acceptor  dye  HyBeacons.      Furthermore,  to  eliminate  any  possibility  of  post-synthesis 
cyclisation  of  the  aminopentynyl-dT  monomer,  a  commercially  available  amino-C6-dT 
monomer 5 was used for the acceptor dye labelling. 
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Figure 3.15. Structure of commercially-available amino-C6-dT monomer 5 (left) and TMSt (right). 
 
These changes were applied to the R516G probe using Texas Red as the acceptor dye with 
only one addition, relying on the endcap modification providing extra quenching instead of 
the extra acceptor dye addition.  This reduction in the acceptor dyes aids application, by 
retaining probe simplicity (increased difficulty and efficiency of oligonucleotide synthesis 
results from multiple labels, multiple active ester labelling has lower efficiency) as well as 
reducing  overall  cost  of  the  probe.    This  monomer  led  to  an  increased  Tm  
(14 ºC increase over two acceptor probe), whilst retaining a very good change in emission 
intensity upon melting (Figure 3.16). 
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Figure 3.16. Melting curve of one-donor one-acceptor (Texas red) FRET HyBeacon with a 5’-TMS 
end cap. 
 
This demonstrates the ability of end-capping monomers to improve the emission change in 
FRET HyBeacons similar to that of the traditional single-dye HyBeacons.  To expand this 
further to the three probe system, three more HyBeacon probes were synthesised using the 
same three CFTR mutations and JOE, Texas Red and Cy5 as acceptor dyes (for sequence 
see appendix Table 8.7).  Cy5 was used as the third acceptor dye instead of Cy5.5 (for 
structures see Appendix figure 8.2), in order to increase FRET efficiency to allow for the 
single addition.  In an effort to reduce the number of modifications of the HyBeacon, a 3’-
end capping monomer was used, as 3’-modifications are also essential for prevention of 
probe extension during PCR, thereby serving two purposes.  This reduces the number of 
modifications required from four to three, increasing simplicity and potentially reducing 
costs.  The 3’-end cap monomer chosen was a pyrene (NB/5037-19, using a CPG resin 
synthesised by Dr. Nouha Ben-Gaied) as this has shown large stabilisation and quenching 
effects in single-dye HyBeacons whilst retaining a good ∆Tm between wild type and mutant 
sequences.    These  probes  were  analysed  individually  by  fluorescence  melting  using 
standard  PCR  conditions  and  both  a  LightCycler
®  and  fluorimeter.    When  using  the 
LightCycler
®,  clear  melting  curves  with  large  changes  in  emission  upon  melting  were 
obtained from the probes using JOE (channel 1) and Texas Red (channel 2) as acceptor 
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dyes. However, the probe which used Cy5 (channel 3) did not give a clear melting curve 
(Figure 3.17). 
 
  
 
Figure 3.17. Individual melting curves of the three CFTR probes recorded using a LightCycler
®. 
 
The Cy5 probe displayed the characteristic steady decrease in emission previously observed 
with single-dye cyanine HyBeacons, which display no significant change in emission but 
temperature  dependant  emission.    The probe  was  then  re-synthesised  and  labelled with 
Alexa Fluor 647, which has similar optical properties to Cy5, is a modified cyanine dye and 
was analysed in the same way (Figure 3.18). 
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Figure 3.18. Melting curve of FRET HyBeacon using an Alexa Fluor 647 acceptor dye. 
 
This gave the same temperature-dependant emission, demonstrating that this same effect is 
observed with another cyanine single-dye HyBeacons and not only Cy5.  This limits the 
choice of dye available for the higher wavelength probe as the majority of dyes which emit 
in  this  region  are  cyanine-based  so  an  alternative  approach  was  needed.    Femtosecond 
fluorescence measurements have shown that the quantum yield of the asymmetric cyanine 
dye thiazole orange is reduced from 0.4 to 0.1 by twisting of the molecule around the 
methine bridge
110 and so controlling the twisting could result in improve quantum yields. 
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Figure 3.19. Structure of thiazole orange. 
 
Furthermore the binding of cyanine dyes to DNA duplexes has been studied in detail with 
two models, which depend on the dye, half intercalation
111,112 and minor groove binding
113-
115. In many cases, the binding of the DNA facilitates an increase in the fluorescence of the   83
dye.  Two new probes were synthesised to take advantage of the minor groove binding 
properties  of  the  cyanine  dyes,  in  order  to  facilitate  binding  of  the  dye  and  therefore 
increasing  its  emission  intensity.    The  new  probes  were  synthesised  using  the  same 
sequence as the previous Cy5 HyBeacon, with and without the 3’-pyrene modification, 
except that amino-C6-dT was replaced with 2’-aminoethoxy-T, which places the label in 
the minor groove on a relatively short linker (for sequences see appendix Table 8.8).  The 
new probes were then labelled with Cy5 and analysed by fluorescence melting using the 
LightCycler
®.  This gave clear melting curves for both probes, however, the probe without 
3’-pyrene end-cap gave the best-shaped curve, as the pyrene moiety provides quenching in 
the double stranded form (Figure 3.20). 
 
   
 
Figure 3.20. Melting curves of FRET HyBeacons using Cy5 acceptor labelled using 2’-
aminoethoxy-T, both with and without a 3’-pyrene end-cap.  
 
This  clearly  demonstrates  that  by  placing  the  Cy5  label  in  the  minor  groove,  the 
temperature dependant emission problem is eliminated.  This meant that a suitable third 
probe  system  was  now  available,  setting  three  probes  in  place  for  a  multiplex  system.  
Using the long target strand, all three probes could then be used simultaneously to probe the 
three mutations chosen from the CFTR gene (Figure 3.21) to simulate PCR products. 
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Figure 3.21. Schematic of three probe FRET system using JOE, Texas Red and Cy5 acceptor dyes 
 
This system was tested using the LightCycler
® 3 channel system, however, the different 
filters for the channels are not optimal for the three acceptor dyes and so the fluorimeter 
was used for a more reliable analysis.  Using an excitation wavelength of 494 nm and 
performing an emission scan, at 1 ºC intervals, allowed a 3D plot to be obtained, displaying 
emission intensity as a function of wavelength and temperature.  On this plot, the melting 
transitions  can  be  seen,  taking  a  cross  section  along  the  temperature  axis  at  the 
corresponding acceptor dye emission wavelengths (Figure 3.22).  
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Figure 3.22. 3D melting plot of three probe system and corresponding melting curves of the three 
probes taken from cross sections at specific wavelengths. 
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This three probe system was then used to analyse the three mutation sequences, and provide 
melting temperature analysis to detect the presence of the wild type or mutant sequence for 
each of the target mutations (Table 3.3). 
 
Target 
res0571 
Cy5 
res0436 
TxR 
res0437 
JOE 
WT  62.3  60.1  66.1 
∆F508  54.8  59.8  66.4 
R516G  63.0  56.1  66.2 
C524X  62.9  60.6  63.6 
 
Table 3.3. Melting temperatures of HyBeacon probes in three probe system for wild type and 
mutant sequences using res0571 (∆F508 probe, Cy5 acceptor), res0436 (R516G probe, Texas Red 
acceptor) and res0437 (C524X probe, JOE acceptor). 
 
This system appears to work well, where the maximum variation in wild type Tm for any of 
the probes is 0.8 ºC and the smallest ∆Tm for wild type vs mutant is 2.5 ºC, for example the 
∆F508 probe as a wild type Tm of 62.3 ºC and in the presence of the R516G and C524X 
mutations (also wild type) 63.0 ºC and 62.9 ºC.  However in the presence of the ∆F508 
target (mutant type) the Tm drops to 54.8 ºC.  All probes demonstrate good melting curves 
with no discernible interference from each other (Figure 3.23). 
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 Figure 3.23. Melting curves of each probe in the presence of the four different target sequences 
(one wild type, one mutant type and two negative control mutant sequences). 
 
These results provide proof of concept for the FRET HyBeacon system, demonstrating that 
multiplex detection using three probes with individual emission wavelengths and a single 
excitation wavelength is possible. 
 
 
3.4  Cyanine dye analysis 
 
Due to the abnormal melting curves and temperature dependant emission produced when 
labelling oligonucleotides with cyanine based dyes, a study was performed to investigate 
the effect more thoroughly.  The FRET system used in the multiplex HyBeacons showed 
the Cy5 acceptor probe had a temperature dependant emission, with no melting curve when 
labelled using amino-C6-dT.  However, if the residual fluorescein emission was monitored, 
with the same probe, there was a melting curve present. This means that the steady decrease 
in Cy5 emission is a function of the Cy5 radiative decay process and not a result of energy 
transfer  problems.    Using  the  same  probe  sequence  (appendix  Table  8.9),  further 
oligonucleotides were synthesised and labelled with Cy3, Cy3.5 and Cy5.5, all of which 
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showed the same, expected steady decrease in emission as a function of temperature.  There 
was a slight increase in emission upon melting with the Cy3 and Cy3.5 samples, providing 
enough of a change to observe a Tm. Although, much less change was observed than what 
can be achieved using other dyes, and the change could be due to residual emission from 
the fluorescein (Figure 3.24). 
 
   
 
Figure 3.24. Melting curves of a ∆F508 FRET HyBeacon with FAM donor and different cyanine 
acceptors. 
 
This suggests that this effect is caused by an inherent feature of the symmetric cyanine 
dyes, but is affected by the subsequent binding of the dye by placing it in the minor groove.  
The most likely cause of this temperature-dependant emission is the rotation around the 
polymethine bridge between the two indoles.  To test this theory, a modified cyanine dye 
Cy3b  was  used  to  label  a probe  with  the  same  sequence  using  amino-C6-dT,  and  was 
subsequently analysed in the same way.  Cy3b has similar optical properties to Cy3 with an 
excitation maximum of 558 nm, an emission maximum of 572 nm and a high quantum 
yield (0.67)
116, but its polymethine bridge is part of a ring system and therefore cannot be 
rotated around (Figure 3.25). 
 
0
1
2
3
4
5
6
7
8
9
10
30  35 40 45  50 55 60 65 70 75 80  85 90 95 
Temperature (ºC)
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
Cy5 probe
Cy5.5 probe
Cy3 probe
Cy3.5 probe
E
m
i
s
s
i
o
n
i
n
t
e
n
s
i
t
y  88
 
 
Figure 3.25. Structure of Cy3b. 
 
This FRET probe gave a clean melting curve with a reasonable change in emission and did 
not display any significant temperature-dependant emission (Figure 3.26). 
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Figure 3.26. Melting curve of ∆F508 FRET HyBeacon using Cy3b acceptor dye. 
 
This is strong evidence to suggest that the rotation around the polymethine bridge is the 
main cause of the temperature-dependant emission and to confirm that the effect is not 
limited to oligonucleotide-bound labels, NHS esters of Cy3 and Cy3b were analysed in the 
same  way,  with  and  without  oligonucleotide  present.    This  produced  the  expected 
observation,  of  strong  temperature-dependence  of  emission  for  Cy3  but  not  for  Cy3b.  
These results have outlined a major limitation in the use of cyanine dyes for biophysical 
analysis  and  have  provided  evidence  of  a  cause,  as  well  as  how  the  use  of  specific 
modifications to the dye structure can alleviate the problem. 
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During analysis of the FRET probes, containing cyanine acceptors, with the fluorimeter, 
emission  scans  performed  at  specific  temperature  intervals  provided  a  3D  plot  of 
temperature/wavelength/intensity as previously used in Section 3.3 (Figure 3.22).  When 
recording melting curves using these plots, cross-sections were taken at the corresponding 
dye-emission wavelengths.  However, when this technique was applied to the probes using 
cyanine  acceptor  dyes,  it  became  apparent  that  the  emission  wavelength  experienced  a 
slight red shift upon duplex melting.  This effect was present for Cy3, Cy3.5, Cy5 and 
Cy5.5 acceptor ∆F508 probes and can clearly be seen in a contour plot of the fluorescence 
melting (Figure 3.27). 
 
 
 
Figure 3.27. Contour plot of fluorescence melting using a FRET HyBeacon with a FAM donor and 
Cy3 acceptor. 
 
To convert the change in emission into a more appropriate format, a melting curve was 
plotted using the wavelength of maximum emission intensity against temperature. This was 
compared alongside the melting curve derived from the fluorescein emission at 525 nm, 
showing that the change in emission wavelength occurs at the same temperature as the   90
traditional fluorescence melting for both a wild type target and ∆F508 mutant target (Figure 
3.28). 
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Figure 3.28. Melting curves from FRET probes using FAM donor and Cy3 acceptor, monitoring 
emission intensity (dashed) and λ max (solid) for both wild type (red) and ∆F508 mutant (blue) 
sequences. 
 
The same procedure was applied to the probe using a Cy5 acceptor, which gave similar 
results  displaying  the  same  4  nm  red  shift.  This  means  that  the  size  of  red-shift  is 
independent of spectral proximity to the fluorescein emission, and therefore is not a factor 
of residual fluorescein emission decrease.  
 
Two more FRET probes were synthesised to probe the R616G and C524X mutations as 
previously employed in Section 3.3 using the same sequence (appendix Table 8.10).  These 
were labelled with Cy3 and Cy5 respectively to provide a three-probe system with acceptor 
dyes Cy3.5, Cy3 and Cy5 to probe for ∆F508, R516G and C524X mutations.  These probes 
were then analysed simultaneously using a multiplex system with the long template strand 
containing either none or one of the mutations.  This demonstrated, as expected, that the   91
wavelength  shift  can  be  used  to  provide  melting  temperature  analysis  for  mutation 
discrimination in a three probe multiplex system (Figure 3.29). 
 
 
 
Figure 3.29. Melting curves of multiplex melting temperature analysis of a three probe system 
using λ-max detection. 
 
The melting curves produced from this technique have a lower signal to noise ratio than 
those produced by emission intensity, and for the multiplex sample, the C524X probe did 
not show a clear distinction between wild types and mutant.  However, these results do 
provide a proof-of-concept for an alternative method of measuring melting temperatures 
using a FRET multiplex system. 
 
 
3.5  Conclusions and further work 
 
The  choice  of  fluorescent  dye  in  HyBeacon  synthesis  can  have  a  large  effect  on  the 
performance  of  the  HyBeacon,  with  some  dyes  such  as  cyanine  dyes  being  unsuitable 
without  careful  design.    The  performance  of  these  single-dye  probes  can  be  improved 
through the addition of stabilising and quenching end-capping monomers such as pyrene.  
However, the single-dye HyBeacons are limited in their multiplex capabilities. 
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Experiments  using  FRET  based  HyBeacons  have  demonstrated  their  ability  to  perform 
melting  temperature  analysis  of  three  mutation  sites  within  a  target  DNA  sequence 
simultaneously.  Using a single excitation wavelength, three separate detection emission 
wavelengths can be produced, allowing for use in equipment currently used for genetic 
analysis.   Furthermore, the separation of the acceptor and donor and rigidity of the labels is 
important for efficient energy transfer.  FRET HyBeacons using cyanine dyes have also 
shown differing degrees of success depending on the method of attachment to the probe, as 
well  as  changes  in  the  emission  wavelength.    These  phenomenon  demonstrate  the 
importance of dye selection and probe design when using FRET-based systems. 
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Chapter 4 
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4.0  SERS probes 
 
This chapter describes the development of SERS as a method of DNA detection for high 
throughput  genetic  analysis.    The  following  work  was  a  collaboration  with  Dr  Sumeet 
Mahajan and Professor Phil Bartlett. 
 
 
4.1  Introduction 
 
Recent developments in SERS substrates have led to the use of SERS in genetic analysis 
techniques  with  both  metallic  surfaces  and  nanoparticles
87-89,91,92.    These  surface  based 
detection and analysis techniques potentially provide rapid and accurate DNA diagnostics.  
We have developed such a technique using a spherical micro cavity gold surface with high 
sensitivity and reproducibility.  A custom flow cell was designed (Figure 4.1) to allow the 
surface to be washed with buffers/samples in a closed environment with precise control of 
the temperature and potential applied to the surface.  This flow cell could hold a substrate 
and provide a 150 µM film of the sample material. 
 
 
 
Figure 4.1. Custom made flow cell containing substrate holder, heating element and electrodes.   95
 
4.2  Spherical micro cavity gold surface 
 
A novel SERS substrate was recently developed by Bartlett et al. which contains ordered 
spherical  cavities  in  a  gold  substrate
117.    This  surface  is  manufactured  by  the 
electrochemical  deposition  of  gold  around  a  template  of  closely  packed  polystyrene 
spheres. Once the deposition of gold is complete the spheres can be washed away using 
DMF or another suitable solvent.  By controlling both the sphere diameter and the amount 
of  electrochemical  deposition  the  cavity  diameter  and  depth  can  be  controlled.    These 
highly ordered surfaces have been shown to be excellent substrates for SERS
118,119 and due 
to their controllable nature, their optical properties can be tuned
120,121.  The highly ordered 
nature  of  these  surfaces  can  be  seen  by  SEM  (Figure  4.2)  and  is  highly  reproducible, 
making the surface ideal for analytical techniques where reproducibility is essential. 
 
 
 
Figure 4.2. SEM images of spherical micro cavity gold surfaces and a graphical representation of 
the surface (right). 
 
For the experiments discussed in this thesis a void diameter of 600 nm was used and gold 
was deposited to give a void depth of 480 nm. 
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4.3  Raman labelled oligonucleotide analysis 
 
The majority of analytical techniques for genetic analysis use a fluorescent molecule as a 
reporter, many of these molecules are also Raman active and give unique molecule specific 
signals.   We have used commercially  available oligonucleotide monomers, traditionally 
employed  in  fluorescent  strategies  to  provide  oligonucleotide  probes  which  can  be 
immobilised onto a spherical micro cavity gold surface and display high intensity Raman 
signals.    We  have  used  this  to  provide  melting  temperature  analysis  of  both  synthetic 
templates and PCR products, detecting mutations present in the CFTR gene. 
 
 
4.3.1  Short synthetic templates 
 
Initial  experiments  used  a  short  (22-mer,  for  sequences  see  Appendix  Table  8.12) 
oligonucleotide probe containing three additions of a commercially available disulphide 
monomer, separated by HEG spacers (Figure 4.3).   
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Figure 4.3. Oligonucleotide modification for attachment to structured gold substrate. 
 
These  were  incorporated  at  the  5’  terminus  of  the  oligonucleotide  to  allow  surface 
immobilisation.  By immersing the gold substrate into a solution of the disulphide modified 
oligonucleotide, the disulphide could form two stable gold sulphur bonds.  The substrate 
could then be washed to remove any unbound oligonucleotide, leaving a functionalised 
gold  substrate.    To  monitor  this  immobilisation  an  oligonucleotide  was  synthesised 
containing  the  5’-disulphide  modifications,  as  well  as  a  3’-fluorescein,  which  once   97
immobilised could be detected using the SERS signal from the fluorescein.  Once the probe 
strand was immobilised, to prevent non specific binding of oligonucleotides to the surface, 
a passivation step was performed.  This process consisted of submerging the surface in a 
solution of mercaptohexanol to bind to any free space on the surface, preventing further 
non-specific  binding  of  oligonucleotides.    This  was  optimised  by  washing  a  non-
complementary  Cy3  labelled  oligonucleotide  over  the  surface,  after  various  lengths  of 
immersion in mercaptohexanol (Figure 4.4). 
 
 
 
Figure 4.4. Raman spectra of a non-complementary Cy3 labelled oligonucleotide washed over a 
mercaptohexanol (MCH) passivated probe modified gold substrate. 
 
Once a substrate was modified with an oligonucleotide probe and the surface had been 
passivated, a complementary target oligonucleotide with a 3’ Texas red label was washed 
through in buffer.  This then hybridised to the immobilised probe and due to the 3’ label in 
close proximity to the surface (Figure 4.5) an intense SERS signal could be recorded.   
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Figure 4.5. Hyperchem image of surface bound probe target duplex with Texas red label. 
 
By using a heating element embedded into the flow cell, the temperature could then be 
increased at a controlled rate.  By recording the Raman spectra as a function of temperature 
the denaturation of the surface bound duplex could be monitored.  As the duplex melts the 
target oligonucleotide leaves the surface by diffusion/electrostatic repulsion and the label-
surface distance increases, therefore signal intensity decreases (Figure 4.6).   
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Figure 4.6. Procedure for capturing labelled target sequences and subsequence melting analysis. 
 
By monitoring the intensity of a predetermined peak in the Raman spectra, melting curves 
akin to fluorescence melting can be produced by plotting Raman intensity as a function of 
temperature (Figure 4.7).  By taking the derivative of the SERS melting profile the melting 
temperature of the duplex could be determined similar to traditional fluorescence/UV-vis 
melting. 
 
 
 
Figure  4.7.  Raman  spectra  recorded  at  temperature  intervals  (left)  and  a  plot  of  intensity  vs 
temperature monitoring the 1400 cm
-1 peak. 
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To test the reproducibility and reusability of the substrates, the process of hybridisation was 
repeated  using  complementary  Cy3  labelled  oligonucleotides.    After  denaturation  the 
surface was washed, before another sample was passed through the cell, hybridising to the 
surface  probe.    This  demonstrated  the  complete  removal  of  the  target  strand  from  the 
surface after denaturation and the surface bound probe was reusable (Figure 4.8). 
 
 
 
Figure 4.8. Raman spectra of substrate with complementary, non-complementary and no target 
strand, demonstrating the reusability of the substrate (Cy3 label). 
 
Due to the reusable nature of probe and the reproducibility of the surface, this technique is 
highly  suited  to  the  analysis  of  genetic  material,  and  melting  temperature  analysis  is 
commonly used for mutation discrimination.  To determine whether the SERS melting can 
discriminate between mutations, a series of synthetic targets were synthesised to mimic a 
region  of  the  CFTR  gene.    Two  different  mutations  were  studied,  the  ∆F508  (triple  T   101
deletion)  and  1653C/T  (single  point  mutation)  to  demonstrate  the  ability  of  mutation 
discrimination between different mutation types (for sequences see appendix Table 8.12).  
This  gave  three  different  targets  for  a  single  probe  sequence,  the  wild  type  and  two 
mutations.  Each of these targets were labelled with Texas red or Cy5, due to the strong 
Raman signal when using the 633 nm laser.  Each probe target duplex was then analysed 
separately by SERS melting using the same procedure as the previous experiments, except 
a different peak (1500 cm
-1) was used to produce the melting curves due to the different 
label.  All three target sequences gave clear melting curves with different Tm’s analogous to 
the Tm’s you would expect from traditional melting analysis (Figure 4.9). 
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Figure 4.9. Melting curves and derivatives (inset) of wildtype (blue), ∆F508 (green) and 1653C/T 
(red) target sequences measured using the 1500 cm
-1 band of a texas red label. 
 
This ability to distinguish between mutant target oligonucleotides and the ability of SERS 
to multiplex, results in a potentially very useful technique, especially if resonant Raman 
spectroscopy can be used to increase sensitivity.   
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4.3.2  PCR product analysis 
 
The success of the synthetic template analysis indicated that the SERS melting is a potential 
tool in genetic diagnostics, however, samples analysed in commercial/medical applications 
rarely use short sequences such as the synthetic targets used in section 4.3.1.  This led to the 
analysis of longer target oligonucleotides prepared by PCR.  This is closer to a genetic 
analysis application, as PCR is routinely used in the production of target DNA for analysis.   
 
We synthesised a long (138-mer) region of the CFTR gene containing the ∆F508 mutation 
site to act as a PCR template, simulating genomic DNA.  We then synthesised two primers, 
one unlabelled and one containing a 5’ Cy5 modification, using a commercially available 
Cy5 phosphoramidite (for sequences see appendix Table 8.13).  Cy5 was chosen as the 
label due to its absorption maximum of 646 nm, resulting in a large spectral overlap with 
the 633 nm laser and therefore resonant Raman is possible, increasing signal strength to 
achieve sensitivity similar to that which can be achieved by fluorescence
54.  To capture the 
target DNA a new probe was synthesised using the same combination of disulphide and 
HEG monomers used in section 4.3.1, except the modifications were at the 3’-end.  This 
was to allow the probe to capture the target positioning the 5’-end of the target with close 
proximity to the surface.  This allowed the Cy5 label from the primer to give a strong SERS 
signal.    However,  this  meant  that  excess  labelled primer  could potentially  give  a  false 
positive and so the probe sequence was complementary to part of the primer, but also the 
primer extension product.  This meant that there were no false positives from primers, 
although it had the effect of the label being slightly further from the surface (Figure 4.10). 
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Figure 4.10. Schematic demonstrating PCR product capture and label/primer position. 
 
Asymmetric PCR was then used to amplify the template DNA using a 4 times excess of the 
labelled primer.  This gave a 20 µL sample containing the labelled target DNA, which 
could  then  be  washed  through  the  flow  cell  with  no  purification  and  captured  by  the 
immobilised probe.  Once complete the sample could then be analysed by SERS melting 
using the same technique as with the synthetic templates and a melting temperature could 
be determined.  This was applied to PCR templates of the wild type and also a ∆F508 
template in order to use melting temperature analysis for mutation discrimination, yielding 
similar results to the synthetic targets. 
 
 
4.4  Electrochemical melting  
 
DNA  duplexes  are  highly  charged  due  to  the  poly  anionic  backbone  and  as  such  are 
susceptible to manipulation by both ionic strength and electric fields.  A common example 
of DNA manipulation by electric fields is the use of gel electrophoresis, where a sample of 
DNA moves through a gel medium towards a cathode due a potential difference across the 
gel.  This effect was applied to the probe-target duplexes bound to the structured gold 
surface,  taking  advantage  of  the  properties  of  the  gold  surface  allowing  its  uses  as  an 
electrode.  A potential was applied across the sample, with the surface being used as an 
anode and a cathode in the buffer solution at the top of the flow cell.  By applying the   104
potential in an incremental manner from 0 to -1.6 V and recording the Raman spectra at 
each step, any duplex melting could be observed in a similar fashion to the SERS thermal 
melting.  This process was performed on both the synthetic targets as well as the PCR 
products used in sections 4.3.1 and 4.3.2 respectively.   
 
Experiments using the synthetic templates demonstrated that the electrochemical melting 
(Emelting) gave similar results to the thermal melting previously used, with the ∆F508 
target displaying the least stability, followed by the 1653C/T, then the wild type sample.  
The Emelting curves produced could then be differentiated to provide Emelting potentials 
for each of the targets, akin to the Tm’s achieved with the thermal melting (Figure 4.11). 
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Figure 4.11. Emelting (left) and thermal melting (right) profiles and derivatives (inset) of synthetic 
DNA targets from the CFTR gene, wild type (blue), 1653C/T (red) and ∆F508 (green). 
 
The synthetic templates gave sharp melting curves and the difference in potential between 
the  wild  type  and  mutant  variants  was  clearly  significant  enough  to  provide  melting 
temperature analysis of the mutations.   
 
The  same  approach  was  applied  to  target  sequences  labelled  with  an  anthraquinone 
derivative  (Figure  4.12)  allowing  a  similar  method  for  mutation  discrimination
122.  
However  anthraquinones  are  electrochemically  active  and  can  allow  further   105
characterisation of the probe target duplex through cyclic voltammetry and coulometric 
measurements.  These extra analytical techniques allow the surface coverage of the target 
sequence to be measured. 
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Figure 4.12. Structure of 3’ anthraquinone label 
 
Mutation discrimination was measured using the same procedure of Emelting monitoring 
the  1559  cm
-1  peak  in  the  anthraquinone  SERS  spectra.    The  1559  cm
-1  peak  is 
characteristic of ring stretching and is independent of the redox state of the anthraquinone 
and  so  is  not  affected  by  the  applied  potential  during  Emelting.    This  results  in  the 
measured Emelting transitions being accurate for mutation discrimination. 
 
The exact same Emelting procedure was then applied to the Cy5 labelled PCR amplicons 
used in previous experiments, yielding a similar result (Figure 4.13). 
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Figure 4.13. Emelting profile and derivative (inset) of PCR amplicons of a wild type (blue) and 
∆F508 (green) template. 
 
Further experiments altering the ionic strength of the buffer solution were performed using 
the synthetic ∆F508 target (texas red label) to determine if Emelting would show the same 
stability  relationship  as  thermal  melting.    Using  a  pH  7,  10  mM  Tris buffer  the  NaCl 
concentration  was  increased  from  10  mM  to  ~6  M  and  the  Emelting  profile  recorded 
(Figure 4.14).  This gave a clear relationship between the melting potential and the ionic 
strength, with higher ionic strengths giving a lower melting potential. 
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Figure 4.14. Emelting profiles of a synthetic target with different ionic strengths and their melting 
potentials (inset). 
 
The expected effect of altering the ionic strength is that an increase in ionic strength would 
reduce the inter-strand repulsion in the duplex, increasing the stability and also it would 
screen the potential from the bulk solution and duplex.  However, the opposite effect was 
observed,  which  was  an  unusual  discovery,  as  it  rules  out  that  the  mechanism  for  the 
Emelting could be simply due to electrostatic repulsion.  If the mechanism of Emelting was 
electrostatic repulsion, then at ionic strengths of >1 M the Emelting would be inhibited due 
to screening of the potential.  At concentrations above 1 M NaCl the effect of the electric 
field extends less than 0.1 nm from the surface and so the DNA duplex should not be 
influenced.  When a similar comparison was made using the same probe-target duplex and 
thermal melting the expected relationship between duplex stability and ionic strength was 
observed (Figure 4.15).  This confirms that the observed effect using Emelting is a direct 
effect of the applied potential and not the surface affecting stability. 
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Figure  4.15.  Effect  of  ionic  strength  on  thermal  SERS  melting,  showing  melting  profiles  and 
derivatives (inset) at 100 mM and 100 mM NaCl. 
 
As well as a shift in the melting potential the ionic strength appears to have an effect on the 
shape of the melting curve.  At low potentials prior to melting there appears to be an 
increase in the label intensity, which is less predominant in high salt concentrations (Figure 
4.13).  This is most likely due to the flexible linker used to attach the Raman label, in this 
case Texas red.  Dyes such as Texas red and cyanine dyes carry positive charges and so 
upon application of a negative potential to the surface it is not unreasonable to expect the 
dye to be attracted to the surface.  With many commercially available dyes the linker used 
for conjugation to an oligonucleotide can be as many as 6 carbons long, this combined with 
the length of the amine modification in the oligonucleotide provides the label with an alkyl 
tether, which can be in the region of 12-13 carbons long (Figure 4.5).  This can allow the 
label to move closer to the surface and therefore give an increase in the Raman signal.  The 
increase in Raman signal clearly has a dependence on the ionic strength and appears to 
follow  the  1  M  screening  effect.    This  means  that  the  duplex  is  clearly  no  longer 
experiencing  electrostatic  repulsion  from  the  surface  at  high  ionic  strengths,  but  the 
application of a potential can still cause melting. 
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The effect of pH on duplex stability is well documented using thermal melting in solution 
and so the pH was altered and the stability of a duplex was measured using Emelting.  The 
∆F508 synthetic template labelled with texas red was analysed by Emelting using  Tris 
buffer at pH 7, 8 and 9 keeping the ionic strength constant at 10 mM (NaCl).  This gave the 
expected decrease in melting potential as the pH increased (Figure 4.16) demonstrating a 
reduction in the duplex stability as the pH increases.   
 
 
 
Figure 4.16. Emelting profiles of a synthetic texas red labelled target using Tris buffer at pH 7, 8 
and 9 with a constant ionic strength (10 mM NaCl). 
 
To determine whether the pH is causing the melting in Emelting experiments the synthetic 
target was analysed using a high concentration (500 mM) pH 7 Tris buffer.  This high 
strength buffer would overcome any minor pH changes at the surface which could have 
caused the duplex melting.  This gave a normal Emelting profile with a small change in the 
melting  potential  (0.2  V)  when  compared  to  the  pH  7  10  mM  Tris  sample  with  no 
significant  abnormalities.    This  meant  that  small  pH  changes  caused  by  the  applied 
potential are not the main cause of the mechanism of Emelting but could possibly be a 
contributing factor. 
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4.5  Unlabelled oligonucleotide SERS analysis 
 
The detection and analysis of unlabelled DNA duplexes is routinely used in techniques 
such as PCR and gel electrophoresis through the use of DNA binding dyes such as those 
described in section 1.3.1.1.  A similar approach was applied to the SERS melting in order 
to detect unlabelled DNA duplexes in the same way.  When using a fluorescent DNA 
binding dye typically there is an observed change in emission intensity between the free 
dye and the DNA-dye complex.  It is unlikely that there would be any equally significant 
change in the Raman spectra between bound and unbound dye and so a different approach 
was used.  This used the distance dependant nature of SERS, where a DNA binding dye 
could be washed through a sample containing a surface-bound DNA duplex.  This dye 
would then be bound to the duplex, providing the DNA with an intense Raman signal with 
no background signal from the free dye in the bulk solution due the large distance from the 
surface.  The DNA duplex was then analysed by Emelting and upon melting of the duplex 
the now unbound dye diffused into the bulk solution, providing a decrease in the Raman 
signal.  Initial experiments used a chloro-anthraquinone and 7-aminoactinamycin as the 
Raman  reporters,  however,  these  did  not  give  interpretable  results.    We  then  selected 
DRAQ5  (Biostatus  Ltd.  Figure  4.17)  as  the  DNA  binding  dye  due  to  its  maximum 
absorption  at  646  nm,  resulting  in  a  resonant  Raman  response  as  well  as  its  selective 
binding for double stranded DNA. 
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Figure 4.17. Structure of DNA binding dye DRAQ5. 
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Unlabelled PCR primers and the same template region of the CFTR gene as used in section 
4.3.2 were used in asymmetric PCR in a similar manner to previous experiments.  The 
unlabelled PCR products were captured by the surface probe and then the DNA binding dye 
was washed through the flow cell to facilitate binding to the surface-bound duplex.  Then 
the  Emelting  procedure  as  previously  described  was  used  to  provide  a  melting  profile 
(Figure 4.18).  
 
 
 
Figure 4.18. Melting profile of an unlabelled PCR amplicon using DRAQ5 as a Raman reporter. 
 
The resulting melting profile was clear enough to provide information about the melting 
potential, however mutation discrimination was not possible as the difference between the 
wild type and mutant was too small.  This could be due to observed non-specific binding of 
the  DRAQ5  due  to  its  high  hydrophobicity  and  electropositive  nature.    This  could 
potentially be overcome using optimisation of the passiviating surface layer. 
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4.6  Conclusions and further work 
 
Initial  experiments  using  a  temperature  controlled  flow  cell  have  provided  a  proof  of 
concept  for  the  application  of  SERS  melting  in  genetic  analysis.    This  has  significant 
advantages over existing SERS technologies due to the high sensitivity and reproducibility.  
Furthermore we have demonstrated that electrochemical potentials can be used in a manner 
parallel to heating in order to provide information about the stability of DNA duplexes 
bound  to  an  anodic  surface.    Both  the  thermal  melting  and  Emelting  have  shown  that 
commercially  available  monomers  with  well  proven  chemistries  can  be  used  in  SERS 
analysis of DNA alongside a structured gold surface.  The sensitivity of the experiments 
and use of impure PCR reaction mixtures has demonstrated the ability of these techniques 
to  compete  with  current  existing  fluorescence-based  technologies
123.    Further  work  is 
required to investigate the ability of the systems to multiplex information to increase the 
potential in high thoughput analysis.  Also the analysis of unlabelled DNA duplexes using 
DNA binding dyes should be optimised. 
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5.1  Conclusions 
 
Quantum dots with minimal modification have shown to have a number of problematic 
properties; strongly temperature dependent emission, inconsistent aqueous solubility and 
potentially DNA binding properties.  Each of these factors contribute to the difficulty in 
using quantum dots as  a direct replacement of  organic fluorophores without significant 
further modification to either the quantum dots or the procedure in which they are used. 
 
The performance of HyBeacon probes has been improved through the use of end-capping 
moieties,  resulting  in  increased  melting  peaks  and  improved  melting  temperatures.  
Furthermore the use of HyBeacon probes in multiplex systems has been improved through 
the use of FRET to allow multiplex detection with a single excitation wavelength.  This has 
allowed  multiplex  detection  of  multiple  genetic  mutations  simultaneously  with  no 
significant  signal  interference.  This  work  has  also  demonstrated  that  the  temperature 
dependant emission from cyanine dyes can be controlled through alternative linker methods 
allowing their use in current genetic analysis systems. 
 
Experiments with SERS detection of PCR products have demonstrated that SERS can be 
used  to  successfully  capture  and  detect  PCR  products  and  using  either  thermal  or 
electrochemical  melting  allelic  analysis  can  be  performed.    The  high  sensitivity  and 
selectivity of the technique has been demonstrated and the potential for unlabelled detection 
explored.  This technique provides a genetic  analysis system with the potential for high 
sensitivity  and  the  ability  to  multiplex  up  to  10  samples  simultaneously  and  therefore 
improve high-throughput genetic analysis. 
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5.2  Further work 
 
The multiplex potential of HyBeacons can be improved further through the use of multiple 
excitation wavelength machines such as the Rotorgene systems (Qiagen) and to exploit the 
multiple excitation wavelengths probes using a selection of dyes must be used.  This would 
require a study into which dyes perform well as HyBeacons and which modifications are 
required  to  provide  a  good  HyBeacon  effect.    This  would  provide  a  system  in  which 
multiple  probes,  each  labelled  with  a  different  fluorophore  can  be  excited  in  rapid 
succession in order to provide multiplex analysis. 
 
The multiplex potential of SERS-melting can be explored through PCR amplification of 
multiple loci with multiple labelled primers each with a different label.  This could then be 
used to monitor the SERS signal of the primers during capture and melting of the PCR 
products.  Furthermore the use of DNA binding dyes to detect and interrogate unlabelled 
PCR products needs to be optimised in order to improve the sensitivity of detection.   116
 
 
 
 
 
 
 
Chapter 6 
 
6.0 Experimental   117
6.0  Experimental 
 
6.1  Preparation of compounds 
 
 
6.1.1  General methods 
 
All reagents and solvents were purchased from Aldrich, Avocado, Biostatus, Eppendorf, 
Evident technologies, Fluka, Glen research, Invitrogen, Link Technologies Ltd, Nanoco or 
Qiagen and used without prior purification except for the following solvents which were 
purified  by  distillation:  i)  THF  over  sodium  wire  and  benzophenone),  i)  DCM  (over 
calcium hydride), iii) pyridine/triethylamine (over calcium hydride). 
 
All reactions which required anhydrous conditions were performed using dry glassware, 
under an atmosphere of argon. 
 
6.1.2  Mass spectrometry 
 
Small molecule low resolution mass spectra were performed using electrospray ionisation 
using a Waters ZMD quadrupole mass spectrometer and acetonitrile.  Oligonucleotide mass 
spectra were performed by electrospray ionisation using a HP 1050 single quadrupole mass 
spectrometer.    MALDI-TOF  oligonucleotide  analysis  was  performed  using  a 
ThermoBioAnalysis  Dynamo  linear  mode  with  a  matrix  of  4:1  3-hydroxypicolinic acid 
(HPA):picolinic acid (PA). 
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6.1.3  NMR 
 
NMR spectra were recorded using a Bruker AV 300 spectrometer, 
1H spectra at 300 MHz, 
13C NMR spectra were measured at 75 MHz and 
31P NMR spectra were measured at 121 
MHz.  All spectra were internally referenced using the appropriate residual undeuterated 
DMSO.    The  multiplicities  of 
13C  signals  were  determined  using  distortionless 
enhancement by phase transfer (DEPT) spectral editing. 
 
 
 
6.1.4  List of compounds 
 
[1]  5’-O-(4,4’-Dimethoxytrityl)-2’-deoxy-5-iodo-uridine 
[2]  Prop-2-ynyl 4-oxopentanoate 
[3]  5’-O- (4,4’-Dimethoxytrityl)-2’-deoxy-5-(prop-1-ynyl-3-oxopentanoyl) uridine 
[4]  5’-O-  (4,4’-Dimethoxytrityl)-2’-deoxy-5-(prop-1-ynyl-3-oxopentanoyl)  uridine 
phosphoramidite 
[5]  5’-O- (4,4’-Dimethoxytrityl)-2’-deoxy-5-(pentyn-1-yl-5-Fmoc) uridine 
[6]  5’-O- (4,4’-Dimethoxytrityl)-2’-deoxy-3’-cyanoethyl, N,N disopropyl 
phosphoramidite-5-(pentyn-1-yl-5-Fmoc) uridine   119
6.1.5  Experimental 
 
5’-O-(4,4’-Dimethoxytrityl)-2’-deoxy-5-iodo-uridine [1] 
 
O
OH
O
N
NH
O
O
O
O
I
 
 
5-IDU (4.00 g/0.0113 mol) was dissolved in pyridine (30 mL), and dimethoxytritylchloride 
was added (4.595 g/0.01356 mol). The solution was stirred under an inert atmosphere for 
2.5  hours.    The  reaction  was  monitored  by  TLC  (eluent  5  %  MeOH/DCM)  and  upon 
completion the solution was evaporated on a low-vac Buchi.  Toluene (~5 mL) was added 
and the solution was dried on a high vacuum Buchi. The crude product was purified using 
column chromatography (eluent 2 % MeOH/DCM), giving 5.90 g (8.69 mmol) of pure 
product as a white foam (80 % yield). 
 
1H NMR    δ δ δ δH ppm (300MHz, DMSO), 8.00 (1H, s, H6 uridine), 7.22-7.42 (10H, m, 
ArCH), 6.10 (1H, t, J 6.8, 1’ CH), 5.40 (1H, bs, 3’OH), 4.24 (1H, s, 4’), 3.89 (1H, s, 3’), 
3.75 (6H, s, 2 x OCH3), 3.18 (2H, s, 2 x 5’CH), 2.09-2.32 (2H, m, 2’) 
 
13C NMR  δ δ δ δc ppm  , (75MHz, DMSO), 160.6 (C4), 158.1 (C11), 150.1 (C2), 144.2 (C6), 
135.4 (C13), 129.7 (C9), 127.9 (C15), 127.6 (C14), 126.7 (C16), 113.3 (C10), 85.8 (C4’), 
84.9 (C11), 70.5 (C3’), 69.8 (C5), 63.7 (C5’), 55.0 (C12), 39.8 (C2’) 
 
LRMS (ES
+)      679.21 [M+Na]
+   120
 
Rf  (5 % MeOH/DCM)  0.29 Visualised by UV light and anisaldehyde stain 
 
 
Prop-2-ynyl 4-oxopentanoate [2]  
 
O
O
O
 
 
Levulinic  acid  (5.25  mL/50  mmol)  was  added  to  a  solution  of  DCC 
(N,N’dicyclohexylcarbodiimide,  10.50  g/50  mmol)  in  DCM  (50ml)  and  stirred  at room 
temperature for ten minutes.  Propargyl alcohol (1.5 mL/25 mmol) was then added to the 
reaction slurry dropwise, and then after fifteen minutes DMAP (0.3 g/2.4 mmol) and the 
reaction  was  monitored  by  TLC  (eluent  10  %  MeOH/DCM)  for  two  hours.  When  the 
reaction had gone to completion (2 hours) the mixture was filtered, and the filtrate was 
washed with saturated sodium bicarbonate and saturated KCl.  The organic layer was then 
dried over sodium sulphate and evaporated to dryness in vacuo, then purified using column 
chromatography (eluent 9.5:0.5 toluene:ethyl acetate), giving 3.813 g (24.6 mmol) of pure 
product as a colourless oil (98 % yield). 
 
 
1H NMR  δ δ δ δH ppm (300MHz, DMSO), 4.67 (2H, d, J 2.5, H2), 3.53 (1H, t, J 2.4, H1), 2.73 
(2H, t, J 6.5, H4), 2.50 (2H, m, H3), 2.11 (3H, s, H5) 
 
13C NMR  δ δ δ δc ppm  , (75MHz, DMSO) 206.6 (C8), 171.5 (C5), 78.4 (C2), 77.5 (C1), 
51.6 (C3), 37.2 (C7), 29.5 (C9), 27.3 (C6) 
 
LRMS (ES
+)     177.1 [M+Na]
+ 
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Rf  (10 % MeOH/DCM)  0.73 Visualised by UV light and KMnO4 stain. 
 
 
5’-O- (4,4’-Dimethoxytrityl)-2’-deoxy-5-(prop-1-ynyl-3-oxopentanoyl) uridine [3] 
 
O
O
O
O
OH
O
N
HN
O
O
O
O  
 
Compound 1 (1.50 g/2.2 mmol) was dissolved in anhydrous DMF (~5 mL) then  copper 
iodide (83.6 mg/440 µmol) and triethylamine (1.53 mL/11 mmol) were added.  Compound 
2  (0.367  g/2.42  mmol)  was  then  added  and  the  solution  was  stirred  in  a  dark  inert 
atmosphere  for  15  minutes.    After  this  time  tetrakistriphenylphosphinepalladium (0.307 
g/220 µmol) was added and the reaction mixture was stirred in a dark inert atmosphere for 
2 hours.  At his point upon TLC visualization it became apparent that an impurity had 
begun to form, and so the reaction was partitioned between DCM and sat.KCl, and the 
organic  layer  was  dried  over  NaSO4  before  being  evaporated  to  dryness  resulting  in  a 
yellow  foam.  This  was  then  purified  using  column  chromatography  (eluent  4:1 
EtOAc:hexane), giving 0.404 g of a white foam (27% yield). 
 
1H NMR   δ δ δ δH ppm (300MHz, DMSO), 7.98 (1H, s, H6), 7.29 (9H, m, DMT Ar CH) 
6.89 (4H, dd, J 1.2, 9.0, DMT Ar CH), 6.09 (1H, t, J 14, 1’CH), 5.31 (1H, d, J 4.6, 3’OH), 
4.64 (2H, d, J 1.5, H9 CH2), 4.29 (1H, m, 4’CH), 3.93 (1H, m, 3’CH), 3.74 (6H, s, DMT 
OMe), 3.25 (2H, m, 5’CH2), 3.12 (2H, m, H13 CH2), 2.70 (2H, t, J 6.5, H12 CH2), 2.25 
(2H, m, 2’ CH2), 2.09 (3H, s, H15 CH3)   122
 
13C NMR  δ δ δ δc ppm  ,  (75MHz,  DMSO),  207.0  (C13),  172.3  (C10),  162.0  (C4),  159.0 
(C10’), 149.8 (C2), 144.9 (C12’), 144.1 (C6), 136.0 (C7’), 130.4 (C8’), 128.5 (C14’), 128.3 
(C13’), 127.5 (C15’), 113.6 (C9’), 99.6 (C5), 87.9 (C6’), 87.1 (C4’), 86.4 (C1’), 77.5 (C8), 
77.1 (C7), 72.7 (C3’), 64.0 (C5’), 55.7 (C11’), 53.2 (C9), 42.0 (C12), 38.2 (C2’), 30.2 
(C14), 28.1 (C11) 
 
LRMS (ES
+)     705.2 [M+Na]
+ 
HRMS      705.2421 [M+Na]
+ Expected 705.2419 (C38H38N2NaO10) 
 
 
Rf   0.64 (eluent 5:1:1, EtOAc:MeOH:NH3) visualized using UV light and anisaldehyde 
stain. 
 
 
5’-O-  (4,4’-Dimethoxytrityl)-2’-deoxy-5-(prop-1-ynyl-3-oxopentanoyl)  uridine 
phosphoramidite [4] 
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Compound  3  (400  mg/0.586  mmol)  was  dissolved  in  distilled  DCM  (5ml)  in  an  inert 
atmosphere and distilled DIPEA (0.255 mL/1.465 mmol). The phosphitylating agent (0.160   123
mL/0.703 mmol) was then added and the reaction mixture was stirred under argon for 1.5 
hours, monitored by TLC (eluent 4:1 EtOAc:Hexane). Once the reaction was complete the 
reaction mixture was washed using saturated KCl and dried over sodium sulphate (still in 
an inert atmosphere).  The resulting solvent was evaporated off and the resulting solid was 
dried under high vacuum for 1 hour and the purified using column chromatography (eluent 
70% EtOAc:Hexane) under argon and evaporated to dryness and dried under high vacuum.  
This gave 414 mg of a pure white foam (80% yield). 
 
1H NMR   δ δ δ δH ppm (300MHz, DMSO) 11.63 (1H, bs, NH) 8.02 (1H, s, H6 CH), 7.29 
(9H, m, DMT Ar CH), 6.88 (4H, dd, J 3.30, 8.97 DMT Ar CH) 6.30 (1H, q, J 7.0, 1’CH), 
4.66 (2H, d, J 11.7, H9 CH2), 4.51 (1H, m, 4’CH) 4.09 (1H, m, 3’CH), 3.74 (6H, s, DMT 
OMe), 3.64 (2H, m, CH2 21), 3.53 (1H, m, CH 18), 3.22 (2H, m, 5’CH2), 2.69 (2H, m, CH2 
22), 2.46 (2H, m, 2’CH2), 2.09 (3H, s, CH3 15)  
 
31P NMR   δ δ δ δH ppm  148.7 (d) 
(300MHz, DMSO) 
 
LRMS (ES
+)     905.3 [M+Na]
+ 
 
Rf   0.42 (eluent 4:1, EtOAc:Hexane) visualized using UV light and anisaldehyde stain. 
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5’-O- (4,4’-Dimethoxytrityl)-2’-deoxy-5-(pentyn-1-yl-5-Fmoc) uridine [5] 
 
O
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O
N
NH
O
O
N
H
O
O
O
O  
 
5’-O- (4,4’-Dimethoxytrityl)-2’-deoxy-5-(hex-5-ynylamine)uridine (2.000 g/3.0 mmol) was 
dissolved in DCM (20mL) and stirred, whilst diisopropylamine (0.46 mL/3.3 mmol) was 
added and then shortly after Fmoc-OSu (1.012 g/3.0 mmol) was added to the solution.  
After  2  hours  the  reaction  was  complete  and  the  reaction  mixture  was  washed  with 
saturated sodium bicarbonate, and then the organic layer was dried over sodium sulphate 
and evaporated to dryness.  This was then purified using column chromatography (eluent 
4% MeOH/DCM 0.5% pyridine) and then dried under high vacuum to give a white foam 
(2.1514 g 86% yield). 
 
1H NMR   δ δ δ δH ppm (300MHz, DMSO), 11.42 (1H, s, N3-H), 7.82 (m, Fmoc) 7.44 (m, 
DMT C-H g), 7.37 (m, DMT C-H h), 7.33 (d, J 8.24 DMT C-H c), 6.92 (d, J 8.0 DMT C-H 
d), 6.18 (1H, t, J 6.6 1’), 5.36 (1H, s, 3’OH), 4.24 (1H, m 3’), 3.97 (1H, m, 4’), 3.79 (6H, s, 
DMT OMe), 3.00 (2H, q, J 6.4, CH2 11), 2.24 (2H, m, 2’), 2.21 (2H, t, J 7.3, CH2 9), 1.50 
(2H, t, J 7.0. CH2 10) 
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13C NMR  δ δ δ δc ppm  , (75MHz, DMSO), 161.7 (C2), 149.6 (C6), 143.9 (H13), 140.7 (C), 
135.3 (CH), 129.6 (CH), 127.5 127.0 126.6 125.1 213.85 120.0 113.2 (CH), 99.3 (C9), 
85.8 (4’C), 84.8 (1’C), 70.4 (3’C), 65.2 (5’C), 55.0 (OCH3), 39.5 (C11), 28.4 (C10), 16.3 
(C9) 
 
LRMS (ES
+)     856.4 [M+Na]
+ 
HRMS      856.3208 [M+Na]
+ Expected 856.3205 (C50H47N3NaO9) 
 
Rf   0.47 (eluent 10%MeOH/DCM) visualized using UV light and anisaldehyde stain. 
 
 
 
5’-O-  (4,4’-Dimethoxytrityl)-2’-deoxy-3’-cyanoethyl,  N,N  disopropyl 
phosphoramidite-5-(pentyn-1-yl-5-Fmoc) uridine [6] 
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Compound  5  (1.889  g/2.27  mmol)  was  dissolved  in  distilled  DCM  (25ml)  in  an  inert 
atmosphere and distilled DIPEA (0.82 mL/4.72 mmol). The phosphitylating agent (0.61 
mL/2.72 mmol) was then added and the reaction mixture was stirred under argon for 1.5 
hours, monitored by TLC (eluent 4:1 EtOAc:Hexane). Once the reaction was complete the   126
reaction mixture was washed using saturated KCl and dried over sodium sulphate (still in 
an inert atmosphere).  The resulting solvent was evaporated off and the resulting solid was 
dried under high vacuum for 1 hour and the purified using column chromatography (eluent 
70% EtOAc:Hexane) under argon and evaporated to dryness and dried under high vacuum.  
This gave 1.576 g of a pure white foam (67% yield). 
 
1H NMR   δ δ δ δH ppm  (300MHz, DMSO)  7.89 (4H, m, Fmoc) , 7.68 (2H, m, Fmoc), 7.2-
7.4 (m, DMT Ar CH), 6.87 (4H, m, DMT Ar C-H), 6.13 (1H, q, J 6.2, 1’CH), 5.42 (1H, s, 
3’OH), 4.20 (1H, m, 3’CH), 3.72 (6H, s, DMT OMe), 3.62 (m, CH2, 29), 3.55 (m, CH, 26), 
3.25 (2H, m, 5’CH2), 2.96 (2H, m, CH2, 11), 2.75 (2H, t, J 5.86, CH2, 30), 2.67 (2H, t, J 
6.0, CH2, 30), 2.39 (2H, m, 2’ CH2), 2.18 (2H, q, J 7.5, CH2, 9), 1.46 (2H, q, J 6.6, CH2, 
10), 1.13 (9H, m, CH3, 27), 0.99 (2H, d, J 6.8, CH3, 27) 
 
13C NMR  δ δ δ δc ppm  , 158.1 (C2), 149.3 (C6), 143.9 (C13), 140.7 135.2 128.9 127.5 127.0 
125.1 (CH
Ar), 121.3 (C31), 120.0 113.1 (CH
Ar), 99.3 (C9), 85.9 (4’C), 84.8 (1’C), 72.4 
(3’C), 65.2 (5’C), 58.5 (C29), 54.8 (OCH3), 46.8 (C5), 39.5 (C11), 28.4 (C10), 24.2 (C27), 
19.7 (C30), 16.3 (C9) 
 
31P NMR   δ δ δ δH ppm  148.1 (d, J 17920.0) 
(300MHz, DMSO) 
 
Rf   0.49 (eluent 5%MeOH/DCM) visualized using UV light and anisaldehyde stain. 
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6.2  Analytical techniques 
 
6.2.1  Chromatography 
 
6.2.1.1  Column chromatography 
 
Column chromatography was  carried out under pressure using Fisher Scientific Davisil 
60A (35-70 µ) silica.  TLC was performed using Merck Kieselgel 60 F24 sheets (0.22 mm 
thickness, aluminium backed).  Compounds were visualized using irradiation at 254/365 
nm, as well as staining with either anisaldhyde or potassium permanganate.  Anisaldehyde 
(para-anisaldehyde 13.80 ml, glacial acetic acid 5.70 ml, concentrated sulphuric acid 18.75 
ml,  ethanol  507  ml)  was  used  to  stain  compounds  containing  sugars  and  potassium 
permanganate  (potassium  permanganate  2  g,  potassium  carbonate  13.33  g,  sodium 
hydroxide 3.33 ml, water 200 ml) was used to stain all other compounds.  Compounds 
which also contained a 4, 4’-dimethoxytrityl group could be visualized prior to staining via 
heating, resulting in a strong orange colour. 
 
 
6.2.1.2  Reverse phase HPLC 
 
For  reverse phase  HPLC  the purification  was  carried  out  using  a  Gilson pump  system 
coupled to an ABI Aquapore column (C8), 8 mm x 250 mm, pore size 300 Å.  Gradient 
elutions  were  performed  varying  the  gradient  depending  on  individual  sample  under 
analysis,  using  a  mixture  of  0.1  M  ammonium  acetate,  pH  7.0  and  0.1  M  ammonium 
acetate with 50% acetonitrile pH 7.0.  The run time was 30 minutes and the samples were 
eluted at a rate of 4 mL/ minute and monitored by ultraviolet absorbance at 260 nm with an 
Applied Biosystems 785A absorbance detector. 
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6.2.1.3  Gel Filtration 
 
Gel filtration was performed using an XK 16/20 column packed with either superdex
TM 75 
or superdex
TM 200 resin purchased from GE Healthcare and a Gilson 306 pump combined 
with an Applied Biosystems 785A absorbance detector.  The column was equilibrated using 
10 mM phosphate buffer containing 0.1 M sodium chloride and the samples were loaded in 
300  µL  volumes.    The  samples  were  eluted  at  a  rate  of  0.5  mL/minute  using  10  mM 
phosphate buffer containing 0.1 M sodium chloride and were monitored using ultraviolet 
absorbance at 260 nm. 
 
 
6.3       Oligonucleotide synthesis 
 
Standard DNA phosphoramidites, solid supports and additional reagents were purchased 
from Link Technologies Ltd, Sigma and Applied Biosystems Ltd. For 3’-labelling, C7-
aminoalkyl  and  C7-fluorescein  (FAM)  synthesis  columns  were  obtained  from  Link 
Technologies Ltd and Cy3, Cy5 and dithiol phosphoramidites were purchased from Glen 
Research Inc. Fluorescein, JOE, texas red, Cy3, Cy3.5, Cy5, Cy5.5 and Cy3B NHS esters 
were  purchased  from  Invitrogen  Inc  and  C6-amino  dT  was  purchased  from  Link 
Technologies Ltd. All oligonucleotides were synthesized on an Applied Biosystems 394 
automated  DNA/RNA  synthesizer  using  a  standard  0.2  or  1.0  µmole  phosphoramidite 
cycles  of  acid-catalyzed  detritylation,  coupling,  capping  and  iodine  oxidation.  Stepwise 
coupling  efficiencies and overall  yields were determined by the  automated trityl cation 
conductivity  monitoring  facility  and  in  all  cases  were  >98.0%.  All  β-cyanoethyl 
phosphoramidite monomers were dissolved in anhydrous acetonitrile to a concentration of 
0.1 M immediately prior to use. The coupling time for normal (A, G, C, T) monomers was 
25 s and the coupling time for the modified monomers was extended to 360 s. Cleavage of 
oligonucleotides  from  the  solid  support  and  deprotection  was  achieved  by  exposure  to 
concentrated aqueous ammonia for 60 min at room temperature followed by heating in a 
sealed  tube  for  5  h  at  55  °C.  Oligonucleotides  labeled  with  5’-Cy3  and  5’-Cy5  were   129
prepared by adding the appropriate Cy phosphoramidite monomer at the final addition in 
solid-phase synthesis. The Cy3 and Cy5 chromophores are unstable to prolonged exposure 
to ammonia so 5’-Cy oligonucleotides were synthesized using fast deprotecting dmf-G and 
Ac-dC phosphoramidite monomers, cleaved from the resin by treatment with concentrated 
aqueous ammonia for 60 min at room temperature then deprotected for 1 h at 55 °C. The 
3’-FAM oligonucleotide was synthesised starting from a FAM C7 column and 3’- Cy5 and 
Texas Red-labelled oligonucleotides and internal Cy3, Cy3.5, Cy5, Cy5.5, Cy3B, JOE and 
Texas Red oligonucleotides were synthesised by post-synthetic labeling of C6-amino dT  or 
3’-aminoalkyl oligonucleotides which were assembled using C7-aminolink solid support. 
These oligonucleotides were then labeled with the appropriate dye NHS ester as described 
below.  
 
To incorporate the Cy3, Cy3.5, Cy5, Cy5.5, Cy3B, JOE or Texas Red chromophores at the 
3’-end of C7-aminoalkyl oligonucleotides or internal C6-amino dT oligonucleotides, 50-
150 nmol of the oligonucleotide in 70 µL of 0.5 M Na2CO3/NaHCO3 buffer (pH 8.75) was 
incubated for 4 h at room temperature with 1 mg of the succinimidyl ester of Cy3, Cy3.5, 
Cy5,  Cy5.5,  Cy3B,  JOE  or  Texas  Red  (Invitrogen)  in  40  µL  of  DMSO.  The  crude 
oligonucleotides  were  purified  by  reversed-phase  HPLC  and  desalted  by  NAP-10  gel-
filtration  according  to  the  manufacturer’s  instructions  (GE  Healthcare).  Reversed-phase 
HPLC purification was carried out on a Gilson system using an ABI Aquapore column 
(C8), 8 mm x 250 mm, pore size 300 Å. The following protocols were used: run time 30 
min, flow rate 4 mL per min, binary system, gradient: time in min (% buffer B);0 (0); 3 (0); 
5 (10); 21 (40); 21(60)* 25 (100); 27 (0); 30 (0). Elution buffer A: 0.1 M ammonium 
acetate, pH 7.0, buffer B: 0.1 M ammonium acetate with 50% acetonitrile pH 7.0. *The % 
buffer  B  at  21  min  was  40%  for  all  oligonucleotides  except  those  containing  the 
hydrophobic Cy3, Cy3.5, Cy5, Cy5.5, Cy3B, JOE or Texas Red dyes which required 60% 
buffer B. Elution of oligonucleotides was monitored by ultraviolet absorption at 295 nm. 
Texas  Red  oligonucleotides  gave  two  product  peaks  corresponding  to  the  5-  and  6- 
regioisomers  of  Texas  Red.  The  first  peak  (5-isomer)  was  collected  and  used  in  the 
subsequent SERS and FRET efficiency experiments and the second peak was discarded. 
After HPLC purification oligonucleotides were desalted using NAP-10 Sephadex columns   130
(GE Healthcare), aliquoted into eppendorf tubes and stored at –20 ºC.  All oligonucleotides 
were characterized by MALDI-TOF or electrospray mass spectrometry. 
 
 
6.4  Quantum dot conjugation 
 
6.4.1  Solution phase coupling 
 
Peptide coated quantum dots (0.25 mg) were dissolved in 100 µL water and to this 100 µL 
of EDC in water (0.03 M) was added and the solution was mixed at room temperature for 
20  minutes.    To  this  solutions  of  either  N-hydroxysuccinamide  (0.25  mg)  or 
pentafluorophenol (0.25 mg) were added dissolved in the minimum amount of water.  This 
was left at toom temperature for a further 15 minutes. Reaction mixtures diluted to 1 mL 
with water and then purified using gel filtration (NAP 10 sephadex).  The resulting solution 
was then freeze dried,  and was dissolved in 100 µL of pH 8.68 buffer (NaHCO3) and 100 
µL of the amino modified oligonucleotide (200 µM) was added and the mixture was left at 
room temperature for 6 hours then analyzed by HPLC. 
 
 
6.4.2  Solid phase Coupling 
 
Peptide coated quantum dots (0.25 mg) were dissolved in 100 µL pH 7.2 buffer (NaH2PO4 
0.1 M) and to this HBTU in DMF (0.76 mg/10 µL) was added. This was left at room 
temperature for 15 minutes.  The reaction mixture was added to 3.3 mg of oligonucleotide 
modified CPG resin direct from oligonucleotide synthesis.  This was then mixed and left at 
room temperature in dark conditions for three hours and then the resin was washed with 
water, methanol and ether, and then the resin was dried by mild heating to remove any 
remaining ether.  This resin was then treated with a 1:1 mixture of concentrated ammonia 
and methylamine (40 % in water, 300 µL) at 55°C for 15 minutes.  The resulting solution   131
was  then  decanted  off  of  the  resin  and  mildly  heated  to  remove  the  methylamine  and 
ammonia. 
 
 
6.5  Biophysical analysis 
 
6.5.1  Fluorescence melting 
 
Fluorescence melting samples were prepared using a labelled oligonucleotide concentration 
of 0.15 µM and a target oligonucleotide concentration of 0.5 µM.  Standard experiments 
used salt concentrations of either 100 mM NaCl or 2.5 mM MgCl2 and an appropriate 
buffer to achieve desired pH (either phosphate or PCR).   
 
For fixed wavelength samples experiments were performed using a Roche LightCycler 1.5 
using glass capillaries with a 20 µL sample volume with an excitation wavelength of 470 
nm and detection wavelengths of 530, 645 and 710 nm.  Samples were heated to 95 ºC for 2 
minutes then cooled to 30 ºC at a rate of 0.1 ºC/sec with a 1 ºC step size and 30 second 
incubation time.  The sample was then incubated at 30 ºC for 5 minutes then heated to 95 
ºC at a rate of 0.1 ºC/sec with a 1 ºC step size and 30 second incubation time before being 
cooled  to  room  temperature.    The  fluorescence  intensity  was  recorded  during  both  the 
cooling/heating stages to provide annealing/melting information. 
 
Single wavelength analysis was performed using a Perkin Elmer LS 50B luminescence 
spectrometer  fitted  with  a  Perkin  Elmer  PTP1  peltier  temperature  control  device  using 
sample volumes of 200 µL and a collection angle of 90º.  Prior to fluorescence melting the 
samples were annealed by heating to 75 ºC in a water bath and cooling to room temperature 
slowly.  The sample specific optimal excitation and emission wavelengths were used and 
the sample was heated from 25 ºC to 85 ºC at a rate of 1 ºC/minute with a 1 ºC step size and 
30 second equilibration time, recording the emission intensity as each step. 
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Multiplex  samples  or  samples  which  required  a  range  of  emission  wavelengths  were 
analysed using a Perkin Elmer  LS 50B luminescence spectrometer fitted with a Perkin 
Elmer PTP1 peltier temperature control device using sample volumes of 200 µL and a 
collection angle of 90º.  Prior to fluorescence melting the samples were annealed by heating 
to 75 ºC in a water bath and cooling to room temperature slowly.  A single excitation 
wavelength could be set at the optimal wavelength and an emission scan range covering all 
desired wavelengths.  The sample was heated from 25 ºC to 85 ºC at a rate of 1 ºC/minute 
with a 1 ºC step size and 30 second equilibration time and emission scans performed at 
each step at a rate of 300 nm/minute. 
 
 
6.5.2  Gel electrophoresis 
 
6.5.2.1  Agarose gel electrophoresis 
 
Agarose gel electrophoresis was performed using LE agarose (Promega, UK) stained with 
ethidium bromide and using a horizontal tank with TBE buffer.  1.6 g of LE agarose was 
added to 80 mL of TBE buffer and heated to boiling using a microwave.  Once heated 50 
µL of ethidium bromide in water (1 mg/mL) was added and the solution mixed and allowed 
to cool to below 50 ºC.  Once cool the solution was added to the horizontal gel tank, adding 
the appropriate comb and then allowed to cool to room temperature.  The comb was then 
removed and the gel immersed in TBE buffer.  10 µL of each sample and the appropriate 
DNA stepladder were mixed with 2 µL of a 6x loading dye (Promega, UK) and loaded onto 
the gel.  A voltage of 120 V was then applied to the gel until the marker dye had reached 
approximately 2/3 of the gel distance.  The gel was then removed from the tank and imaged 
using a Syngene genius bio-imaging system using UV light. 
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6.5.2.2  Polyacrylamide gel electrophoresis 
 
Polyacrylamide gel electrophoresis was performed using acrylamide (40% in water, Fisher) 
with  TBE  buffer  containing  urea  and  crosslinked  using  N,  N,  N’,  N’-
tetramethylethylenediamine  and  ammonium  perfulphate,  and  the  concentration  of 
acrylamide  varied  to  alter  separation  (10-20%).    This  was  performed  using  a  vertical 
electrophoresis tank with an applied power of 20 W.  Once complete the gel was imaged 
using a Syngene genius bio-imaging system using UV light. 
 
6.5.3  Atomic Force microscopy 
 
All AFM imaging was performed using a Multimode Nanoscope IIIa (Digital instruments, 
Santa Barbara) in tapping mode, using silicon nitride tips (Si3N4) for aqueous samples and 
FESP tips for samples in air.  The scan size was 0.5-2 µm with scan rates of 1-2 Hz at a 
resolution of 256x256 and 512x512 pixels.  Samples were prepared by making a 2-5 µM 
sample in water (sometimes containing 500mM NaCl).  A 9 mm mica sample disc was 
prepared by removing the top layer using selotape, to give a freshly cleaved mica surface.  
This surface was then treated with 5 µL MgCl2 (25 mM) and left for two minutes and then 
washed with a flow of water for ten seconds.  The excess water was then removed using the 
corner of a piece of filter paper and the sample disc carefully dried using compressed air.  
The  sample  solution  could  then  be  deposited  onto  the  sample  disc  and  left  to  dry  by 
evaporation and water added if the sample is to be scanned in water leaving the sample 
ready for imaging. 
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6.6  Molecular biology 
 
6.6.1  PCR 
 
Standard asymmetric PCR experiments were performed using a reaction volume of 20 µL 
containing a forward primer concentration of 0.2 µM and reverse primer concentration of 
0.05 µM.  1 mM dNTPs (Promega, UK) and 1 unit hot start DNA polymerase  (either 
Eppendorf HotMaster
® or Qiagen Taq DNA polymerase) were used.  Salt concentration 
was 2.5 mM MgCl2 as standard (optimised for specific primer/template sequences) and 
buffers  used  were  specific  to  the  enzyme  source  (Promega/Qiagen)  and  diluted  as  per 
manufacturers  instructions.    The  PCR  reactions  were  performed  using  a  thermocycler 
(Eppendorf Mastercycler Gradient) with a denaturation step of 95 °C for 2 minutes (15 
minutes for Qiagen Taq DNA polymerase), followed by 15 cycles of 94 °C for 20 s, 54 °C 
for 45 s and 70 °C for 45 s.  PCR products were analysed by 2% agarose gel electrophoresis 
stained with ethidium bromide. 
 
 
6.7  SERS melting 
 
SERS melting experiments were carried out using a custom designed micro-Raman cell 
(Ventacon Ltd, UK) and Raman spectra recorded using a ULWD 50x objective (NA: 0.5) 
on a Renishaw 2000 Raman microscope instrument equipped with a 632.8 nm He-Ne laser 
with a laser spot size of 1 µM.    
 
Thermal melting ramped the temperature from 25 °C to 70 °C at a rate of 1 °C/minute and 
the Raman spectra recorded at 1 °C intervals using 10 mM phosphate buffer containing 100 
mM.  Emelting experiments ramped the potential from 0.0 V to -1.6 V in 100 mV steps 
with an equilibration time of 5 minutes and the Raman spectra recorded at each step. 
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Modification  Oligonucleotide sequence 
Amino C6 dT (X)  XCTCGCACTCCAGTGCAATTTGCTGC 
Amino C6 dT (X)  XGCAGCAAATTGCACTGGAGTGCGAG 
 
Table 9.1. Sequences used for quantum dot oligonucleotides conjugates. 
 
 
Modification  Oligonucleotide sequence 
Dabcyl (X)  CTCGCACTCCAGTGCAATTTGCTGCX 
Dabcyl (X)  GCAGCAAATTGCACTGGAGTGCGAGX 
 
Table 9.2. DABCYL modified oligonucleotides. 
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Modification  Oligonucleotide sequence 
TMSt (2) 
Propargyl dU (X) 
Phosphate (3)  
2CTTTCCXCCACXGTTGC3 
TMSt (2) 
FAM dT (F) 
Phosphate (3) 
2CTTTCCFCCACFGTTGC3 
TMSt (2) 
Aminopentynyl dU (X) 
Phosphate (3)  
2CTTTCCXCCACXGTTGC3 
Aminopentynyl dU (X) 
FAM dT (F) 
Phosphate (3) 
CTTTCCFCCACXGTTGC3 
Target (WT)  TCGATGGTGTGTCTTGGGATTCAATAACTTTGCAACAGTG
GAGGAAAGCCTTTGGAGTGATACCACAGGTGAGCAAAAGG
ACTTAGCCAGAT 
Target (MT)  TCGATGGTGTGTCTTGGGATTCAATAACTTTGCAACAGAG
GAGGAAAGCCTTTGGAGTGATACCACAGGTGAGCAAAAGG
ACTTAGCCAGAT 
 
Table 9.3. W1282X probe sequences, containing a 3’ propanol (3) or phosphate (P), FAM dT (F) 
and aminopentynyl dU (X), labelled with JOE (R0547) and Texas red (R0548) NHS esters. 
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Code  Oligonucleotide sequence 
Res0072  GCATFGAGGACCGFGTTCAAG1 
Res0073  GCATFGAGGACCGFGTTCAAG2 
Res0074  GCATFGAGGACCGFGTTCAAG3 
Res0075  GCATFGAGGACCGFGTTCAAG4 
Res0109  5GCATFGAGGACCGFGTTCAAG1 
Res0110  5GCATFGAGGACCGFGTTCAAG2 
Res0111  5GCATFGAGGACCGFGTTCAAG3 
Res0112  5GCATFGAGGACCGFGTTCAAG4 
WT  CTTGAACACGGTCCTCAATGC 
MT  CTTGAACACAGTCCTCAATGC 
 
Table 9.4. probe sequences, containing mixtures of 5’ TMS (5), FAM dT (F), 3’ anthraquinone 
NB4930-54 (1), NB4930-75 (2) and pyrene NB5037-18 (3), NB5037-19 (4). 
 
 
Modification  Oligonucleotide sequence 
Aminopentynyl dU (X) 
FAM dT (F) 
Propanol (3) 
CXTTCCFCCACXGTTGCTP 
Target (WT)  TCGATGGTGTGTCTTGGGATTCAATAACTTTGCAACAGTG
GAGGAAAGCCTTTGGAGTGATACCACAGGTGAGCAAAAGG
ACTTAGCCAGAT 
Target 
(MT) 
TCGATGGTGTGTCTTGGGATTCAATAACTTTGCAACAGAG
GAGGAAAGCCTTTGGAGTGATACCACAGGTGAGCAAAAGG
ACTTAGCCAGAT 
 
Table 9.5. W1282X probe sequence for FRET HyBeacons, containing a 3’ propanol, FAM dT and 
aminopentynyl dU. 
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Code  Oligonucleotide sequence  Mutation target 
Aminopentynyl dU (X) 
FAM dT (F) 
Propanol (3)  
ACCAAAGAXGATAFTTTCXTP  ∆F508 
Aminopentynyl dU (X) 
FAM dT (F) 
Propanol (3)  
CTTCXGTAFCTATAXTCATP  R516G 
Aminopentynyl dU (X) 
FAM dT (F) 
Propanol (3)  
CTAGTXGGCAFGCTTXGATP  C524X 
R0691 
Target (WT) 
CACCATTAAAGAAAATATCATCTTTGGTGTTTCCTATGAT
GAATATAGATACAGAAGCGTCATCAAAGCATGCCAACTAG
AAGAG 
R0692 
Target 
(∆F508) 
CACCATTAAAGAAAATATCATCGGTGTTTCCTATGATGAA
TATAGATACAGAAGCGTCATCAAAGCATGCCAACTAGAAG
AG 
R0693 
Target 
(R516G) 
CACCATTAAAGAAAATATCATCTTTGGTGTTTCCTATGAT
GAATATGGATACAGAAGCGTCATCAAAGCATGCCAACTAG
AAGAG 
R0694 
Target 
(C524X) 
CACCATTAAAGAAAATATCATCTTTGGTGTTTCCTATGAT
GAATATAGATACAGAAGCGTCATCAAAGCATGACAACTAG
AAGAG 
 
Table 9.6. CFTR FRET probe sequences for the ∆F508, R516G and C524X mutations. 
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Modification  Oligonucleotide sequence  Mutation target 
Amino C6 dT (X) 
FAM dT (F) 
Propanol (3) 
TMSt (5) 
5TTCTGFATCXATATTCATCATP   R516G 
Amino C6 dT (X) 
FAM dT (F) 
Pyrene (3) 
CACCAAGATGAXATTTFCTTTAATGG3  ∆F508 
Amino C6 dT (X) 
FAM dT (F) 
Pyrene (3) 
CGCTTCXGTAFCTATATTCATC3  R516G 
Amino C6 dT (X) 
FAM dT (F) 
Pyrene (3) 
CTTCTAGTTGGCAXGCTTFGATG3  C524X 
 
Table 9.7. CFTR probe sequences using endcapping monomers. 
 
 
Modification  Oligonucleotide sequence  Mutation target 
Aminoethoxy T (X) 
FAM dT (F) 
Propanol (3) 
CACCAAAGATGAXATTTFCTTTAATGGP  ∆F508 
Aminoethoxy T (X) 
FAM dT (F) 
Pyrene (3) 
CACCAAAGATGAXATTTFCTTTAATGG3  ∆F508 
 
Table 9.8. HyBeacons using aminoethoxy T (X) for labelling with Cy5, containing FAM dT (F) 
and either a propanol (P) or pyrene (3) 3’ modification.   180
 
Modification  Oligonucleotide sequence 
Amino C6 dT (X) 
FAM dT (F) 
Propanol (3) 
CACCAAAGATGAXATTTFCTTTAATGGP 
 
Table 9.9. FRET HyBeacon sequence for labelling with Cy3, Cy3.5, Cy5, Cy5.5 and Cy3b. 
 
Code  Oligonucleotide sequence  Mutation target 
Amino C6 dT (X) 
FAM dT (F) 
Propanol (3) 
CACCAAAGATGAXATTTFCTTTAATGGP  ∆F508 
Amino C6 dT (X) 
FAM dT (F) 
Propanol (3) 
CGCTTCXGTAFCTATATTCATCP  R516G 
Amino C6 dT (X) 
FAM dT (F) 
Propanol (3) 
CTTCTAGTTGGCAXGCTTFGATGP  C524X 
 
Table 9.10. Cyanine labelled FRET HyBeacons for emission wavelength mutation discrimination. 
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Modification  Dye separation  Oligonucleotide sequence 
Amino C6 dT (X) 
FAM dT (F) 
5 bp  TTXAGCAFTAGATACCTTTGCATACCTTAT 
Amino C6 dT (X) 
FAM dT (F) 
5 bp  TTTAGCAFTAGAXACCTTTGCATACCTTAT 
Amino C6 dT (X) 
FAM dT (F) 
7 bp  TTTAGCATTAGATACCTTTGCAXACCTTAFT 
Amino C6 dT (X) 
FAM dT (F) 
10 bp  TTTAGCAFTAGATACCTXTGCATACCTTAT 
Amino C6 dT (X) 
FAM dT (F) 
12 bp  TTTAGCATTAGATACCTXTGCATACCTTAFT 
Amino C6 dT (X) 
FAM dT (F) 
13 bp  TTTAGCATTAGATACCXTTGCATACCTTAFT 
Amino C6 dT (X) 
FAM dT (F) 
15 bp  TTTAGCAFTAGATACCTTTGCAXACCTTAT 
Amino C6 dT (X) 
FAM dT (F) 
17 bp  TTTAGCATTAGAXACCTTTGCATACCTTAFT 
Amino C6 dT (X) 
FAM dT (F) 
20 bp  TTTAGCAFTAGATACCTTTGCATACCTXAT 
Amino C6 dT (X) 
FAM dT (F) 
22 bp  TTTAGCAXTAGATACCTTTGCATACCTTAFT 
Target  ATAAGGTATGCAAAGGTATCTAATGCTAAA 
 
Table 9.11. Oligonucleotides containing FAM-Texas red FRET pair with different donor-acceptor 
spacing used in FRET efficiency experiments. 
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Modification  Oligonucleotide sequence  Mutation target 
Disulphide (D) 
HEG (H) 
DHDHDHAGGAAACACCAAAGATGATATT 
Amino C7  AATATCATCTTTGGTGTTTCCTX  WT 
Amino C7  AATATCATCGGTGTTTCCTX  ∆F508 
Amino C7  AATATCATTTTTGGTGTTTCCTX  1653C/T 
 
Table 9.12. Short synthetic oligonucleotides for SERS mutation discrimination experiments. 
 
 
 
Oligonucleotide  Sequence 
Forward primer  Cy5-GTATCTATATTCATCATAGGAAACACC 
Reverse primer  CATTGGAAGAATTTCATTCTGTTCTCAG 
Wild type template  GCACATTGGAAGAATTTCATTCTGTTCTCAGTTTTCCTGGATT
ATGCCTGGCACCATTAAAGAAAATATCATCTTTGGTGTTTCCT
ATGATGAATATAGATACAGA 
Mutant template  
(∆F508) 
GCACATTGGAAGAATTTCATTCTGTTCTCAGTTTTCCTGGATT
ATGCCTGGCACCATTAAAGAAAATATCATCGGTGTTTCCTATG
ATGAATATAGATACAGA 
 
Table 9.13. PCR primer and template sequences used in SERS PCR analysis. 
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Figure 9.2. Structures of frequently used dyes. 